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Abstract

INVESTIGATION OF BIOMOLECULAR INTERACTIONS
DEVELOPMENT OF SENSORS AND DIAGNOSTICS
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of Philosophy at Virginia Commonwealth University

Virginia Commonwealth University, 2011

Major Director: Vamsi K. Yadavalli, Ph.D, Assistant Professor of Chemical and Life
Science Engineering

The highly specific recognition processes between biomolecules mediate various
crucial biological processes. Uncovering the molecular basis of these interactions is of
great fundamental and applied importance. This research work focuses on
understanding the interactions of several biomolecular recognition systems and
processes that can provide fundamental information to aid in the rational design of
sensing and molecular recognition tools. Initially, a reliable and versatile platform

was developed to investigate biomolecular interactions at a molecular level. This
involved several techniques, including biomolecule functionalization to enable
attachment to self-assembled monolayers as well as atomic force microscopy (AFM)
based force spectroscopy to uncover the binding or rupture forces between the
receptor and ligand pairs. It was shown that this platform allowed determination of
molecular binding between single molecules with a high specificity. The platform was
further adapted to a general sensing formulation utilizing a group of flexible and
adaptive nucleic acid recognition elements (RNA and DNA aptamers) to detect
specific target proteins. Investigation of interactions at the molecular level allowed
characterization of the dynamics, specificity and the conformational properties of
these functional nucleic acids in a manner inaccessible via traditional interaction
studies.
These interactions were then adapted to aptamer-based detecting methods that
at the ensemble or bulk scale, specifically taking advantage of mechanisms uncovered
in the biophysical study of this system. A quartz crystal microbalance (QCM) was
used to detect protein targets at the bulk level and the affinities and binding kinetics of
these systems were analyzed. Along with AFM-based force spectroscopy,
ensemble-averaging properties and molecular properties of these interactions could be
correlated to contribute to bridging the gap across length scales.
Finally, more broadly applicable sensing platform was developed to take
advantage of the unique properties of aptamers. DNA was employed both as a carrier
and as a molecular recognition agent. DNA was used as a template for

nanoconstruction and fabricating unique shapes that could enhance the aptamer-based
molecular recognition strategies. With aptamers tagged to distinct nanoconstructed
DNA, a novel shape-based detecting method was enabled at the molecular level. The
results demonstrated that this is a flexible strategy, which can be further developed as
ultrasensitive single molecule sensing strategy in complex environments.

CHAPTER 1

INTRODUCTION

1.1 Introduction
The mystery of life has been an important intellectual focus for centuries. With
the development of biochemistry and molecular biology, one can fundamentally
regard the phenomenon of life as a complex interplay between a large numbers of
biomolecules.[1, 2] The highly specific recognition processes between these
biomolecules mediate various crucial biological processes, which are closely related
to numerous essential functions, including genome transcription and translation,
enzymatic reaction, cell proliferation, immune response, initiation of infections and so
on.[3-5] On the other hand, many diseases, including cancers, genetic diseases and
age-related diseases are closely associated to a malfunction in such molecular
recognition processes.[6]
From an engineering perspective, besides the aim of understanding the
fundamental principles of life, studying the processes of biomolecular interactions or
1

recognition can also assist in the development of bio-analytical and biomedical
devices. [7] In order to rationally design effective biosensing agents or medical
devices, a detailed understanding of the molecular binding processes, together with
information about kinetics and conformation are necessary.
Over the years, ensemble-averaging properties of biomolecular interactions
have been characterized using traditional analytical methods, such as surface
plasmon resonance, nuclear magnetic resonance, mass spectrometry and
fluorescence-based technologies.[4, 8] Recently, however, with the development of
extremely sensitive methods, such as optical tweezers, magnetic tweezers and atomic
force microscopy (AFM), it is possible to study systems at the single molecule level,
without the ensemble-averaging inherent of traditional biochemical assays.[9]
However, although these techniques are capable of performing highly precise
descriptions of real-time progress of interactions at the molecular level, there are
several methodological and technical difficulties limiting research carried out.
Critical challenges include developing reliable experimental methodologies at the
molecular level, extracting useful information from the data (often chaotic or having
a low signal to noise ratio), and obtaining detailed biophysical information of the
ligands. Another problem is the gap affecting the knowledge of interactions across
length scales – from the molecular level to the ensemble level. How do the
properties characterized from molecular level manifest themselves at the ensemble
level? Can these correlations be used to design reliable sensing strategies or
analytical tools? This research is intended to address these challenges and questions.
2

Broadly, the subject of this thesis is based on interdisciplinary research
combining biology, chemistry, biophysics and nanotechnology with engineering
principles. The goal is to provide detailed information about the binding processes at
molecular level, and to further apply these properties for molecular recognition and
sensing schemes. Initially, a versatile platform was established for conducting
molecular interaction measurements using force spectroscopy. The interaction of a
sugar-lectin system was detected and characterized using this platform, which verified
the efficacy of the technique. The use of the platform was further adapted to
investigate different interactions of short oligonucleotide sequences called aptamers
and their protein targets. Using AFM as a primarily molecular tool, the energy
landscapes, specificity, and structural stability of several aptamer/target protein
systems was revealed. Based on this information, aptamer based sensors were
fabricated and investigated by quartz crystal microbalance (QCM) measurements. The
ensemble-averaging

properties

of

aptamer/target

protein

interaction

were

characterized, and also correlated with molecular biophysical behaviors. These
insights into the fundamental biophysical interactions between the aptamers and their
target proteins provide useful information for the rational design of aptamer-based
sensors or diagnostic tools. Furthermore, in order to apply them in more advanced
applications such as ultrasensitive cellular sensors or therapeutic delivery systems,
aptamers were organized into well defined DNA nanostructures. Using DNA
nanoconstruction strategies, multiple aptamer-functionalized DNA nanostructure were
designed and fabricated. The results indicated that aptamer-functionalized DNA
3

structures can facilitate the on-demand production of libraries of diverse shapes that
can recognize and bind proteins or catalyze reactions via functional nucleic acid tags.
These techniques can further enable the development of novel biosensing and
therapeutic delivery tools.

1.2 Specific aims

1.2.1 Develop and characterize a platform to enable the study of biomolecular
interactions at the molecular level
To enable the studies of biomolecular interactions at the molecular level, it is
important to develop a versatile strategy to bring individual receptor-ligand pairs
together and discriminate specific molecular interactions from non-specific ones. The
initial portion of this research was to develop such a platform using a mixed
self-assembled monolayer (SAM) approach. A model system (a carbohydrate and a
sugar binding protein - lectin) was used in this research to test the efficacy of this
strategy. The surface with immobilized biomolecules was characterized by AFM
imaging, and followed by AFM-based force spectroscopy studies under different
conditions to further verify the feasibility and flexibility of this platform.

1.2.2 Investigate the molecular interactions between aptamers and their protein
targets via force spectroscopy
Built on the platform described above, a general formulation to investigate the
4

binding of flexible and adaptive molecular recognition elements was developed and
tested. Specifically, engineered RNA and DNA ligands called aptamers are emerging
as superior alternatives to antibodies for recognition and diagnostics. The goal of this
research was to enable different aptamer-based molecular recognition strategies by
understanding the interactions between them and their targets. Initially this interaction
was studied at the single to few molecule level using AFM force spectroscopy. The
rupture force, the dynamic bond under increasing external force, the specificity and
the structural determinants of the interaction between the aptamer and target protein
were revealed.

1.2.3 Translate specific biomolecular interaction events across length scales
Following the previous aim, the aptamer-based recognition investigated at the
molecular level was studied at the ensemble level. First of all, it was necessary to
optimize different strategies to immobilize aptamers on solid surfaces so that their
binding with protein targets could be studied from a sensing perspective. Quartz
crystal microbalance (QCM) measurements were used to evaluate the sensitivity and
affinity of the aptamer sensors fabricated by these methods. AFM based force
spectroscopy was performed to further verify the functional viability of the
surface-tethered aptamers for biophysical analyses and protein binding. In order to
correlate the information concluded from molecular level and ensemble level, the
results obtained from QCM measurements and AFM force spectroscopy experiments
were compared and discussed.
5

1.2.4 Utilize aptamer based molecular recognition to fabricate molecular sensing
strategies
Since aptamers are functional nucleic acids, direct DNA modification by
sequence extension or hybridization is easily performed. This allows enhancement of
the aptamer-based molecular recognition strategies by developing novel aptamer
tagged DNA nanostructures. The function of these DNA nanostructures as molecular
sensors was evaluated by multiple techniques in biological condition. Furthermore,
the flexibility and stability of these shapes were tested. By demonstrating multiple
aptamer functionalized DNA nanostructures and complexes of these nanostructures
with target proteins, functional DNA architectures were shown to be a powerful tool
in enabling the development of ultrasensitive single molecule sensors.

1.3 Background and significance

This research is aimed at investigating biomolecular recognition processes, so
that these specific interactions can be further applied and translated to general
biosensing or diagnostic tools. In order to study biomolecule interaction, techniques
and strategies from different disciplines were combined and applied in this research.
This section is devoted to presenting the background and significance of this research,
and introducing the techniques and disciplines merged in this thesis.

6

1.3.1 Biomolecular interaction or recognition in life science: the role and the
principle
The last few decades have fundamentally changed the way people understand life.
With the access to the information contained in biological macromolecules, now
researchers can explain the phenomenon of death, infectious, inherited diseases by an
extremely complex system of biochemical reactions.[10] It has become clear that
biological functions of most macromolecules closely depend on their ability to
interact with other molecules. Such specific interactions include those between
antigens and antibodies, ligands and cell surface receptors, complementary strands of
DNA, lectins and carbohydrates, as well as enzymes and substrates.[11] These
interactions play crucial roles in various important biological processes, including
genome replication and transcription, metabolic regulation, signaling transduction,
immune response, and many other cellular functions.[12, 13] A thorough
understanding of intermolecular interactions, such as the strength of the binding,
stability of the complexes, and the conformational changes coupled with the binding
processes, are of paramount importance. From an applied perspective, these
investigations can further be used to guide our design of bio-analytical strategies and
devices.
The non-covalent interaction between two biomolecules can be the result of
electrostatic interactions, hydrogen bonding, hydrophobic effects or even ion induced
binding. This binding process between biomolecules is a reversible thermodynamic
7

process.[14] There are three important properties commonly used to describe the
binding phenomenon: 1) affinity, which is the summary of the thermodynamic
property, can be interpreted as how strong the molecules in the pair adhere to each
other; 2) kinetics, indicating how fast the association and dissociation happens
between two biomolecules; 3) specificity, which describes how selectively a molecule
binds to its target. Usually, this property closely associates with the conformational
precision property of the biomolecule.[15]
Affinity related to Gibbs free energy of binding, is a macroscopic property
indicating an averaged description of a large number of binding events. The
thermodynamic behavior of biomolecules at steady state can be quantified by the
equilibrium constant of binding, also known as association constant (KA) over an
effective concentration range. KA is time- independent, and determines how much
complex is formed at equilibrium. The kinetics of the binding can be described as the
association constant rate (k+1) or dissociation constant rate (k-1). These two parameters
describe how fast the molecules bind and fall apart. Hence, different interactions with
different association/dissociation rates, possibly have the similar binding strength.

(1.1)

d AB / dt  k 1 AB  k 1 AB 

(1.2)

k1[ A][ B]  k 1[ AB]

(1.3)

At equilibrium,

KA and KD can be resolved by k+1 and k-1,
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KA 
KD 

k
[ AB ]
 1
[ A][ B] k 1

(1.4)

[ A][ B] k 1

[ AB ]
k 1

(1.5)

Biosensing and molecular recognition technologies utilize biomolecules (for
example, proteins, oligonucleotides or even whole cells) as biological recognition
elements to detect various target molecules.[16, 17] In the early 1960s, antibodies
were first used to develop bioanalytical assays to detect plasma insulin.[18] Since
then, biosensing studies applying antibodies as recognition elements for a wide range
of target compounds have been continuously reported in the clinical, food, and
environmental areas.[19] Besides antibodies, other biomolecules such as proteins and
nucleic acids were also used as receptors in biosensing assays.[20, 21] Glucose
sensors for example, which utilize the enzyme glucose oxidase as a biorecognition
component, form the largest percentage of biosensors on the market because of their
broad use in the diagnosis of diabetes.[22] In recent years, nucleic acid sensors, have
gained increasing importance as well. The development of high density arrays of
nucleic acid oligomers on chip have been successfully used to detect hybridization
and further provide information about gene expression or to identify specific
sequences.[23]
Current research and development in the area of bioanalytical sensing aim to
improve their stability, selectivity and sensitivity. One approach to achieving this is to
understand and control the biophysical properties of the recognition components to
9

achieve optimal performance. Since many biosensing designs are chip based,
maintaining of the stability, recognition functionality, and specificity of these
biomolecules at the interface between the biological layer and the analyte solution
while minimizing effect of the substrate is a real challenge.
In this research, the initial focus was on investigating these interactions between
various ligands and receptors, considering their immobilization on surfaces. The goal
was to develop platforms for immobilizing different biomolecules to enable such
investigations and further to study the biophysical determinants of their interactions.
Much of the subsequent work focused on investigations of aptamers as recognition
agents to identify and bind their target proteins in various formats and at various
length scales. As new set of functional ligands, aptamers are rapidly emerging as
attractive candidates for affinity-based biosensing applications. An introduction to
aptamers and aptamer-based sensing is covered in the following section.

1.3.2 Nucleic acid aptamers and their targets interaction
Prior to the 1980s, nucleic acids, including both DNA and RNA, were typically
understood as passive carriers of genetic information. However, the discovery that
DNA and RNA can participate directly in catalysis in living cells greatly changed
research in the area of nucleic acid research.[24, 25] Now, it is commonly recognized
that DNA and RNA can also exist as a diversity of structures with a variety of
sophisticated functions.[26] For example, riboswitches can directly bind small target
molecules and affect gene activity. [27] RNA interference (RNAi) participates in
10

controlling gene expression activity by binding other specific mRNA.[28] These
naturally existing functional nucleic acids have inspired scientists and engineers to
utilize structural DNA or RNA as versatile tools to obtain artificial functions
including recognizing and modulating the activity of proteins in biological systems.
Within a short period of time in the 1990s, three groups selected RNA and DNA
molecules which could specifically bind to several protein targets using an
evolutionary in vitro selection process, called systematic evolution of ligands by
exponential Enrichment (SELEX).[29-31] Through this process, trillions of
oligonucleotides are prepared simultaneously as a library, and subjected to a process
of selective amplification to enrich the population with the ligands that bind to a
particular protein target.[29] The resulting oligonucleotides were referred to as
“aptamers”, which derived from the Latin “aptus”, meaning “to fit”.[32] As a new
class of functional, ligand-binding biomolecules, aptamers usually have a high affinity
with the KD value in the picomolar range, and specificity comparable to, and often
exceeding those of antibodies towards their targets. Another advantage of using
aptamers instead of antibodies is the ease of synthesis, which does not require in vivo
immunization of animals like antibodies. Besides, compared with antibodies aptamer
do not cause significant immunogenicity.[33] Moving beyond protein targets,
aptamers have been selected against a wide range of target molecules, from cells to
low-molecular weight organic and inorganic substrates with a high degree of
specificity, purity, and reproducibility.[34] There are advantages related to the
chemical nature of aptamers, including enhanced stability and also the ability of
11

regeneration following denaturation, and ease of modification to contain specific
chemical functionalities.[35] Aptamer technologies along with the SELEX process,
have demonstrated that, in the laboratory, one can create DNA or RNA ligands which
can fold into sophisticated 3D structures, and have exquisite recognition capabilities
against a wide variety of targets including proteins and small molecules.[36] Recent
progress in aptamer technology has verified that aptamers are a potentially powerful
tool with applications in biosensors [37], diagnostics [38, 39], therapeutics [38] and
targeted drug delivery.[39, 40] FDA approval of the first aptamer-based therapeutic
agent Pegaptanib [41] for the treatment of nonvascular age-related macular
degeneration was a milestone in the developmental history of aptamers and
underscored the enormous potential of using RNA and DNA aptamers as therapeutics.
Recently, researches have also shown the potential of using aptamer in analytical
applications.[42, 43] Traditionally analytical strategies for detecting binding have
typically used antibodies, in electrochemical detection, surface plasmon resonance
(SPR) and gravimetric techniques including quartz crystal microbalance (QCM).
Aptamers have been shown to be suitable replacements to antibodies in such
applications. A unique structural property of aptamers, whereby they undergo
significant conformational changes upon binding to their target molecules, was used
to design novel optical sensing strategies.[44, 45] In these optical strategies, the
aptamers were labeled with a fluorophore as reporter. By monitoring the fluorescence
signal change (turning on or off upon binding), the conformational changes were used
to indicate the binding of the target molecules to the aptamers. [45-47]
12

These various sensing schemes to date have focused on simply using aptamers as
replacements for antibodies and have not exploited the unique properties of aptamers
which could greatly enhance their role as biomolecular recognition agents. For
example, aptamers have distinct properties such as structural flexibility and adaptive
folding in the presence of their targets. More biophysical investigations are needed in
order to utilize them for sensing applications compared to other recognition systems
such as antibodies. Insights into the structure, dynamics, and the fundamental
biophysics of these fundamental interactions and complex formations would greatly
enhance the ability to engineer and deliver the next generation of “smart” drugs and
diagnostic tools. Although several studies on the structure and function of
receptor-ligand complexes have been reported, insight into the molecular dynamics
within the complexes under non-equilibrium conditions is quite limited.[48-52] One
of the goals of this research was to fill some of the gaps in this area.

1.3.3 Affinity analysis based ensemble-level sensing methods
As introduced above, affinity analyses at the ensemble level form an averaged
description of the binding behavior of a large number of molecules, and are the most
typical approaches to study molecular interactions. In general, sensing or detecting
biomolecule interaction relies on a transducer that converts a chemical or biological
interaction into a detectable signal. In theory, when biomolecular partners come
together, there are several different phenomena that can be utilized as signal changes
in biosensing applications, including physical parameters, mass, acoustic waves,
13

thermal capacity, enthalpy, heat transfer, optical signals, magnetic signals or electrical
signals.[53] In reality, most of these signal changes are not operationally
distinguishable, and difficult to apply to a qualitative affinity analysis. Until now, the
most commonly applied signal transductions are based on electrochemical, optical,
and acoustic waves.[19] The development of these interfaces of signal transduction
technologies have resulted in various devices and techniques: for instance,
electrochemical signal based techniques include mass spectrometer (MS)[54],
potentiometric[55]; optical signal based technique including total internal reflectance
fluorescence (TIRF)[56], surface plasmon resonance (SPR)[57]; acoustic wave based
technique including quartz crystal microbalance (QCM)[58] and surface acoustic
wave (SAW)[59].
Among all these techniques, QCM and SPR are among the most attractive
sensing methods because they allow real-time analysis of reactions without labeling
requirements and provide quantitative information on the equilibrium binding states
as well as non-equilibrium states.[60] Both QCM and SPR detect binding between
biomolecules immobilized on a surface and analyte in solution by a flow injection
fashion, and they have the similar sensitivity and detection limits.[61] However,
compared with SPR, QCM is typically much less expensive, and much easier to
operate. Hence, the QCM has been adopted as a suitable analytical tool to measure
bio-specific interactions, and has become one of the most leading strategies in
biological binding measurements.[58] A broad range of biological molecules such as
antibodies, proteins, nucleic acids, carbohydrate and drugs as receptor molecules have
14

been successfully investigated by QCM.[58] The interactions of aptamers and their
targets have also been recently begun to be investigated by QCM techniques.[62-64]
The most important component of QCM is the quartz crystal sensor contacting a
pair of electrodes. Due to the piezoelectric properties of quartz crystal, by applying an
AC voltage across the electrodes, the crystal can be excited to oscillation. The
resonance frequency (f) of the crystal depends on the total oscillating mass. QCM
biosensors are integrated to a flow injection analysis (FIA) system. In this way, when
the analyte molecules in the solution attach to the sensor crystal, the frequency of the
sensor decreases, owing to the damping caused by the corresponding mass of the
analytes. The decrease in frequency is proportional to the mass gain of the sensor, and
the increase of mass due to the binding can be calculated according to the Sauerbrey
equation [65]:
f  C f  m / A

(6)

With

 



c f   f R /  q  q 
2

(7)

where Δfr (Hz) is the frequency change of the quartz sensor, Δm (ng) is the mass
change of the sensor, A (cm2) is the area of the quartz surface, and cf is the sensitivity
constant. The constant cf is determined by fR, the original resonance frequency of the
quartz, νq, is the velocity of sound in the quartz crystal (3340 ms–1); and ρq, is the
quartz density (2648 kg m–3).
QCM, has been utilized in a variety of different applications, such as
monitoring and characterization of (bio)film deposition, detection of specific antigens,
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biomolecule binding kinetics, cell adhesion, and DNA detection.[58, 66] Since 2000,
aptamer based QCM sensing studies have reported as well. An anti-IgE DNA aptamer
was used as a recognition component, and further compared with the monoclonal
antibody for the same target (IgE) in a quartz crystal biosensor.[67] A DNA aptamer
specific for human thrombin was used to detect binding of the target protein
(thrombin).[62] The aptamer against the HIV-1 Tat protein was also used in a QCM
based biosensor.[68] RNA and DNA aptamers specifically selected for interferon
(IFN)-γ were studied and compared by QCM assay.[69] Recently, using aptamer
based QCM sensing methods, IgE in human serum was successfully detected. [63]
These previously reported studies indicate the feasibility of aptamer based QCM
sensing techniques. However, optimizing the activity, simultaneously minimizing the
loss in functionality and non-specific interactions are still major challenges in
designing aptamer based sensors of high sensitivity and selectivity over a large
dynamic range.

1.3.4 Measurement of single-molecule interaction based on AFM
At the other end of the length scale spectrum, the recent development of
experimental tools allowing the precise description and measurement of single
molecule binding events has greatly opened new perspectives in materials and life
science.[70] As discussed above, ensemble level techniques such as QCM can provide
valuable information about the affinity analysis of biomolecule interactions. However,
due to the population-averaging inherent in these biochemical assays, subpopulations
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and kinetic details of these interactions are typically hidden. Now however,
distributions of molecular properties can be characterized and rare subpopulations can
be identified with single molecule tools.[71] The second important benefit of the
molecular approach is the ability to detect temporal transition states and
binding/unfolding energy landscapes. Hence, the binding process can be precisely
recorded as „molecular movies‟, which usually happen during too short a period of
time to be revealed in an ensemble asynchronous measurement.[70]

1.3.4.1 Force spectroscopy
Several techniques with different detecting principles and dynamical ranges have
been developed to enable such single molecule measurements. These include
magnetic beads [72], optical tweezers [73], biomembrane force probe (BFP) [74], and
atomic force microscopy (AFM) [75]. In particular, one important biophysical
parameter in these interactions has been the measurement of the binding (or rupture)
forces of the interactions as well as the forces required to unzip or mechanically
unfold various proteins.[76-78] Based on different molecular manipulation techniques,
concepts related to single-molecule force spectroscopy technique have been
developed. These are dynamic analytical techniques allowing the study of the physical
properties of interactions from a force-displacement perspective,[79] and are
performed by applying an external controlled force to the ligand/receptor system. The
accuracy and temporal resolutions of these measurements has therefore been subject
to the thermal fluctuations of micrometer-sized detecting elements (for example the
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probes in the case of AFM technique, or the beads in the magnetic tweezers). [9, 71]
Typically, precise thermal calibrations of the elements, and statistical analysis based
on numerous of the measurements can improve the accuracy of applying these
techniques.[9] With both an increasing understanding of the fundamental biophysics
of molecular interactions as well as improving experiment tools, the development of
force spectroscopy continues to be a rapidly evolving field of single molecule
analyses.

1.3.4.2 Atomic force microscopy
Among all these methods, Atomic Force Microscopy (AFM) has emerged to be
one of the most powerful and widely used tools for high precision imaging and force
spectroscopy.[80] Since its invention by Binnig et al. in 1986 [81], the AFM has
played a crucial role in nano-scale science and technology, and has been applied in a
variety of research fields including physics, chemistry and biology.[82, 83]
Initially, AFM was a technique primarily used for imaging surface and
characterizing its topography. This is achieved by feeling the force of atoms on a
surface via a sharp probe, mounted at the end of a flexible cantilever. The precise
lateral and vertical displacement control of the cantilever with respect to the sample is
achieved by piezoelectric holders. During the scanning of probe with respect to the
sample, by monitoring the deflection of a laser beam which is aligned on the back of
the cantilever, the attractive or repulsive interaction forces between a few atoms
attached at a tip on a cantilever and a sample are collected, and further used to create a
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topographic image of the sample (Figure 1.1 A).[81, 83] Due to the important features
of AFM, such as the simple and rapid sample preparation, the capability of
manipulating individual molecules, real-time investigations and allowing the
measurements of biological samples under near-physiological conditions, AFM has
emerged as an ideal tool for biological applications compared to other scanning probe
microscopes. [84, 85]

Figure 1.1. Principles of atomic force Microscopy. (A), during the scanning over the
sample, the reflection of a laser beam from the AFM tip is recorded, and converted
into height information. (B), interaction between a ligand and a receptor can be
detected by immobilizing them on an AFM tip and surface respectively. [86]
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1.3.4.3 Principle of AFM based force spectroscopy
Although AFM was primarily devised as an imaging tool, it also allows
measurement of inter- and intra-molecular interaction forces with piconewton
resolution.[71] Due to flexibility in the sample preparation, the ease of operation, and
also the real time topographical information obtained from the imaging mode, AFM
base force spectroscopy has quickly emerged as the most versatile tool for force
spectroscopy compared with optical tweezers or magnetic tweezers.
In order to measure the force between the tip and a sample, an AFM cantilever is
controlled to approach and retract form the surface (Figure 1.1 B). Once, the
cantilever contacts the surface, further movement towards the surface results in
bending of the cantilever due to the stiffness of the surface. After it touches the
surface with designated force (referred as trigger point), the cantilever is retracted,
and at the point that the pulling force is higher than the force required to dissociate the
interaction between the tip and sample, a sudden change of deflection signal is
detected.

The

deflection

of

the

cantilever

is

monitored

during

this

approach/withdrawal process, and is proportional to the interaction force between the
tip and sample. The force can in turn, be estimated by Hooke‟s law: Fc = -kx, where k
is the stiffness or spring constant of the cantilever and x is the deflection of the
cantilever.[87-89] The entire path of the cantilever as it approaches and withdraws
from the surface and its associated deflection as it contacts and interacts with the
surface is recorded in the form of a force-displacement or force-distance curve (trace).
(Figure 1.2)
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Coupled with different immobilization strategies, the interaction forces between
tip-bound ligands and surface-bound receptors (or vice-versa) can be measured using
AFM- force spectroscopy based on the principles described above. The primary
advantage of using the AFM is the ability to perform measurements under
physiological conditions, in real-time and allowing investigations with controlled
parameters including pH, salt concentration, inhibitors or other effectors.[82] Because
of its high sensitivity (in piconewton (pN) force regime) and flexibility, AFM based
force spectroscopy has evolved as an important technique to study the interactions of
various

biomolecular

systems,

including

antigens/antibodies,[90]

DNA

hybridization,[91] biotin/avidin,[75] glycoproteins/carbohydrates,[92] formation of
cadherin complexes,[93], integrin/fibronectin,[94] and DNA/peptides [95]. Moreover,
the combined use of imaging, molecular manipulation and single-molecule force
spectroscopy has been applied to conduct increasingly sophisticated measurements.
There are several studies showing that both structural and functional insights of the
bacterial and cell surfaces can be successfully characterized, and that specific proteins
on the cell membrane can be localized.[96-98]

1.3.4.4 Challenges of AFM based force spectroscopy
Force spectroscopy using the AFM has proved to be a powerful tool to measure
binding at a single molecule level (or the level of a few molecules), and can provide
fundamental biophysical information on the biomolecule complex. However, there are
several important challenges that need to be addressed:
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a) It is difficult to discriminate the interactions of the AFM tip with the molecule of
interest from nonspecific interactions. In typical AFM experiments, a large
non-specific adhesive force is generally observed between the surface and the
cantilever tip. A combination of factors such as hydrophobic, electrostatic, or Van der
Waals interactions may result in these adhesive forces.[99] Such confounding factors
make the selection and analysis of force–distance spectra considerably difficult.[100]
b) Another factor which affects the measurement is the non-consistent orientation of
the ligand immobilized on the substrate, which might result in reduced accessibility of
the ligand, and a broad distribution of the binding/rupture force. Defining and
controlling the orientation of biomolecules on the surface is a significant challenge in
molecular interaction studies.
c) The resolution of force measurements (or the force sensitivity) using AFM force
spectroscopy is dependent on the small spring constants of the cantilever, (usually
ranging from 10-500 pN/nm).[87] Generally, the softer the tip, the more sensitive the
detection. However, different from ensemble-level affinity analysis, the dissociation
process under an external force is far from equilibrium kinetics, and the rupture
strengths for weak biochemical bonds are not constant, but depend on the rate of the
force applied.[101] For example, the Bell model was used to describe the connection
between rupture force and loading rate and verified in a set of pioneering
measurements. [102, 103] This intrinsic difference between the techniques conducted
at different levels results in the complexity of understanding the correlation between
the affinity analysis at ensemble level and force spectroscopy analysis at the
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molecular level.
Due to these challenges, using AFM and other single molecule tools to study
molecular interactions can be quite limited in application. It is necessary to develop
reliable platforms to study single molecule interaction using AFM, which can
minimize nonspecific interactions and allow for direct measurement of the
interactions between molecules of interest only. On the other hand, bridging the
knowledge gap between the molecular level and the ensemble level can enable better
understanding on steps to engineering these interactions, and optimize sensor designs.
Consequently, there is clearly a need to fill up the deficiency of the research in this
area.

Figure 1.2. Typical force-distance curves obtained indicating a binding/rupture event.
The schematic of AFM cantilevers shown represents the bending state of the
cantilever during the approach and retraction steps.
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1.3.5 Development of platforms for immobilizing biomolecules
Generally, the biosensing strategies are integrated with an electrochemical,
optical or piezoelectric transducer, making it necessary to attach the biomolecule
component to a solid substrate. For example, in the case of QCM sensing, the ligands
are usually immobilize on a quartz crystal sensor surface. In the case of using AFM
for single molecule recognition, the molecules under study are attached to two
surfaces (the AFM tip and a solid surface that the tip contacts). Consequently, suitably
immobilizing the ligands or receptors to different substrates is also of paramount
importance. Challenges in the design of such strategies include: a) minimization of
the loss of affinity towards the target during this procedure and b) reduction of the
nonspecific interaction between substrate and analyte.

1.3.5.1 General strategies for biomolecule attachment
There are various possible methods for biomolecule attachment, ranging from
nonspecific adsorption (which may be non-covalent) to specific covalent
attachments.[9, 104, 105] Due to the simplicity and ease of experiment, nonspecific
adsorption of biomolecules has been the most commonly used method for AFM based
force spectroscopy in the last decade. [9, 13] Since this is not a reliable platform, and
usually associates with artifacts and uncertainty in the data collection, strategies based
on specific covalent reactions have been developed and applied. For example,
nucleotides modified with a spacer, terminated in a reactive moiety, can react and
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further attach to the functional group in the substrates.[106, 107] Utilizing the tight
binding between well characterized ligand-receptor pairs such as biotin-avidin or
antibody-antigen are also commonly used to provide attachment sites on the surface
and to the probe.[108] Proteins are more challenging to modify, but by introducing
biotin and hexahistidine tags, attachments of proteins to different surfaces have been
reported.[109, 110]

1.3.5.2 Self-assembled monolayers
For biosensing applications, developing sophisticated immobilization strategies
which can provide reproducibility, durability and precision control over a surface are
of great importance. It is advantageous to attach biomolecules to surfaces through an
organized molecular layer with defined orientation. A versatile strategy to achieve this
is via self-assembled monolayers (SAMs).
SAMs have become popular in scientific consciousness and well studied since the
1980s.[111] They have been widely applied to studies of interfacial phenomena and
biosensing applications due to their ability to create precisely controlled and
functionalized surfaces. The SAM is formed by the strong adsorption of disulfides
(R–S–S–R), sulfides (R–S–R) and thiols (R–SH) on a metal surface.[112] These thiol
molecules can spontaneously form a highly ordered, densely packed monolayer on
metal surfaces (Fig. 1.3). The surfaces functionalized with SAM can have
hydrocarbon chains extended with an angle between 40-90o to the surface.[113] Gold
surfaces are particularly efficient at forming SAMs via strong, covalent sulfur-Au
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bonds.[114] This well-studied thiol chemistry allows the selection of thiols with
various exposed functional groups, such as –OH, –SO3H, –PO4H2 and –COOH, which
makes SAM strategy applicable for a numerous purposes, including the attachment of
different biomolecules via covalent bond formation. [115, 116]

Figure 1.3. Schematic diagram depicting the arrangement of decanethiolates on Au
when maximum coverage of the thiolates is attained.[112]

In contrast to SAMs formed from a single adsorbent, mixed SAMs have been
synthesized by co-adsorption to a surface from a mixture of thiols solution. In this
manner, multiple functional groups can be displayed on the substrate, which greatly
expands the functionality of the SAM.[117] In this research, we take advantage of this
by using a mixed SAM to control and tune the density of a biomolecule immobilized
on this functionalized surface.[118]
In the case of aptamer based sensors, direct attachment of aptamers to a gold
surface via S-Au bond was earlier demonstrated using different alkane thiol
linkers.[119] However, for these ligands with high degree of structural flexibility,
26

questions remain as to the activity and accessibility of the ligand for various
biosensing applications, as well as on how to minimize the nonspecific adhesion
between surfaces that come in contact (for example in AFM spectroscopy).

1.3.6 Self assembly of programmable DNA nanostructures
The theme of self-assembly was further explored in this research by considering the
assembly of DNA into programmable nanostructures. Multiple aptamer-based sensing
methods were explored in this research primarily using the conventional strategies of
surface immobilization. It was found that advanced sensing applications can be
enabled by using distinct tags to label these aptamers. Various strategies exist on
labeling aptamers using radiolabels or fluorescent tags for different applications.[42,
120, 121] However, owing to the chemical nature of aptamer-nucleic acids, a novel
research direction was pursued in using DNA itself to act as both the tag and the
sensing agent.

In this manner, DNA nanostructures via sequence extension or

hybridization can be used to develop a novel shape-based ultrasensitive
aptamer-sensing strategy. The concept of this method originated from structural DNA
nanotechnology. As introduced above, it is well understood that DNA can exist in a
diversity of structures and with sophisticated functions.[26] Functional nucleic acids
such as aptamers represent one of the most important examples in this area. Similarly
another exciting area of research has been developments in structural DNA
nanotechnologies. Structural DNA nanotechnology entails the use of the diverse DNA
motifs for the construction of novel materials with specific geometrical properties on
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the nanometer scales.[122] Seeman et al. first proposed the concept of using DNA to
yield junction structures in 1982, [123] which formed the beginning of a brand new
research field of structural DNA nanotechnology. Over the last decade, it has emerged
as one of the most promising and exciting paths to developing productive
nanosystems.
DNA has been considered as the top choice for programmable construction of
supramolecular structures using a „bottom-up‟ approach on the nanoscale due to the
following properties: a) precise size; b) ease of synthesis and continually dropping
costs; c) chemical robustness which leads to structural stability under a variety of
environments; d) a precise periodical-helix structure, which enable using different
computational methods to design and predict synthetic DNA nanostructures; e)
specificity of the Watson-Crick base pairing and self-recognition properties, which
may be utilized as site-specific molecular glues and f) well characterized 3D motifs
with diverse structures. [122, 124]
A number of well defined DNA nanoarchitectures with a large variety of
geometries, topologies, and periodicities have been fabricated. [125, 126] These
nanoconstructs include holiday junctions,[127] DNA nanowires,[128] 3-point and
4-point stars,[129] cubes,[130] supramolecular polyhedra.[131] Inspired by DNA
nanotechnology, RNA was also applied to construct nanostructures, such as
tecto-squares [132] and polyhedra.[133] The DNA origami technique, which is
achieved by folding long, single-stranded DNA into 2 and 3D shapes, is another
important milestone in the field of structural DNA nanotechnology. [134, 135] These
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shapes have been proposed for applications ranging from enabling spatially periodic
networks [136] and nanoarrays [137] and as molecular cages for drug delivery
applications.[138]
The two fields of structural DNA nanotechnology and functional nucleic acids
have been independently coevolving. With the tremendous achievements established
by the pioneers in both fields, merging and integrating functional nucleic acid
modules into the DNA architectures is a new challenge.[122] The research on
fundamental biophysical interactions of aptamers conducted at ensemble and single
molecule scales provided the impetus to develop new strategies to take advantage of
the unique properties uncovered (flexibility, adaptive binding, switchability). Our goal
was to develop a new generation of functional DNA structures that can fully exploit
aptamers in novel sensing strategies. Recently several studies were reported on using
DNA nanoarray to organize other species and providing precise control of the spacing
between individual molecules by programming the self-assembly of DNA tile,
especially with the development of DNA “origami” technique.[139] Our goal was to
demonstrate the functionalization of DNA nanostructure with a functional nucleic
acid motif. In this research, a facile strategy to construct aptamer-functionalized 2D
DNA shapes for molecular recognition is developed, which enables the visual sensing
of aptamer-based recognition.
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CHAPTER 2

DEVELOPMENT AND CHARACTERIZATION OF A PLATFORM TO
STUDY BIOMOLECULAR INTERACTIONS USING FORCE
SPECTROSCOPY

2.1 Introduction
AFM force spectroscopy is a powerful tool to study interactions between diverse
pairs of molecules. These measurements are based on the interactions between the
two molecules: one attached to the AFM tip and the other bound to the surface of
interest. However, as has been extensively reported,[99, 140] and also observed in
these experiments, the nonspecific adhesion between AFM probe and surface, usually
caused by Born repulsion, van der Waals attractions, and electrostatic repulsions, can
often obscure the analysis of the specific intermolecular binding forces between the
molecules of interest.[141]
In this research, we are interested in measuring the interactions between diverse
biomolecular systems at the molecular level, preferably at a single molecule level. To
achieve this, various strategies are needed to immobilize the molecules on the AFM
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tip and a surface. Two general approaches to immobilize biomolecules on such
substrates or AFM tips have been commonly reported in the literature: a) direct
amination of the surface by silanization or esterification, and b) amination via a
thiol-based self-assembled monolayer (SAM). The first approach is a direct
functionalization of a silicon or silicon nitride surface (or AFM tip). The reaction ends
up with a formation of an organosilane layer, with functional amine groups on the
surface. [142] Although it has been used in many pioneering works, the silanization
reaction is difficult to control, sensitive to contamination, and not stable. [143-145]
The second approach is particularly suited for surfaces that are coated with gold.
In this case, a thiol-based SAM is easily obtained by immersing the gold coated
surface or AFM tip in selected alkanethiol solutions. The proteins can be further
immobilized by different ways depending on the functional group of the SAM. For
example, alkanethiols that terminate in carboxyl groups are most commonly used.
These

can

further

couple

with

amino

groups

of

proteins

via

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) in aqueous solution.[146, 147] However, both these approaches generate
surfaces fully covered with active groups and also result in a high surface density of
ligands which increases the possibility for nonspecific adhesion. These densely
packed biomolecules on the surface make it difficult to discriminate a single molecule
binding event from extensive multiple binding events.[13] It has also been suggested
that increasing the spacing between molecules on a surface can not only reduce such
multiple binding events, but also helps preserve their binding capacity since they are
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less likely to be denatured and can freely interact.[148]
Hence, it is necessary to develop an optimal platform based on a suitable SAM
approach to carry out measurements of single molecule interactions using an AFM.
The ideal surface is one which can eliminate the nonspecific adhesion between the
surface and sample, as well as dilute the surface density of the ligands. Inspired by
thiol-based monolayers described above, a platform consisting of two thiol molecules
to form a mixed SAM was found to be ideal for such investigations. This strategy
involved using a mixture of two thiols to form a functional surface - one thiol acts as a
reactive capturing agent for the biomolecule, while a second thiol is incorporated
within the SAMs to space out the reactive groups on the functionalized surface.

Figure 2.1. Covalent reaction between NHS and amine groups. NHS-Esters can react
with amine groups present on the N-termini of proteins or amines on lysine residues
to form amide bonds

An NHS-terminated thiol was used as the first thiol to present reactive groups for
biomolecule attachment (Figure 2.1).[149] To act as a spacer and to reduce
non-specific protein absorption, an inert oligo (ethylene glycol) (OEG) terminated
thiol was chosen as the second thiol. OEG thiols have been extensively used to
fabricate protein resistant SAMs on gold.[150] Although the mechanisms of the
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protein resistance have not yet been fully established, such OEG terminated alkane
thiol SAMs on gold have been shown to reduce nonspecific protein adsorption in
many applications including biosensing, cell adhesion studies, and fabrication of
protein biochips.[117, 151, 152]
To test the feasibility of this platform for single molecule interaction analysis, an
important biomolecular interaction system between a sugar (mannose) and its specific
binding protein (lectin) was chosen. The specific interactions between lectins present
on cell surfaces and their complementary carbohydrates mediate diverse processes in
living organisms such as cell-cell recognition, cellular adhesion or mediation of
signaling events at the cell surface.[153] Carbohydrate-lectin recognition events are
also found to play key roles in diverse pathological processes, including infection,
cancer cell metastasis, and inflammation.[154, 155]
Due to the importance of this system in life science, understanding and utilizing
these interactions have been the subject of active research to develop and engineer
bioanalytical strategies and devices.[156] The molecular recognition between lectin
and carbohydrate is an intriguing process because the binding is due to relatively
weak, noncovalent interactions. However the strength and specificity required for
proper cellular targeting is high.[157] To date, lectin-carbohydrate interactions have
been studied primarily on surfaces using bulk measurement methods including
fluorescence, surface plasmon resonance (SPR) [158] and evanescent-field
detection.[159] Assessing protein-carbohydrate interactions has typically been
difficult because of the weak affinities observed and associated complications arising
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from the importance of multivalency in these interactions.
This research focused on using the lectin – Concanavalin A, as a ligand to bind
sugar molecules immobilized on surfaces. Concanavalin A (Con A) is a widely
investigated lectin isolated from the jack bean (Canavalia Ensiformis), that binds
specifically to α-D-mannosyl and α-D-glucosyl residues. Lekka et al. studied the
interaction force occurring between Con A and the carbohydrate component of the
glycoproteins using AFM. [160] Touhami et al. also conducted force spectroscopy via
AFM and reported the unbinding force between Con A and oligo-glucose saccharides
to be 96±55 pN.[161] Ratto et al. measured the force required to rupture a polymer
tethered Con A and a similar tethered mannopyranosylphenyl isothiocyanate bond as
47±9

pN.[92]

Importantly,

all

these

studies

applied

densely

packed

ligand-immobilization methods, and consequently reported a wide range in force
values.
This system therefore provides an ideal opportunity to investigate the strategy of
using mixed SAMs to a) create functional groups for attachment of the lectin or the
sugar on a solid surface b) create an inert (non-functional) spacing between molecules
of interest to prevent non-specific adhesion and c) immobilize the complementary
molecule on the AFM cantilever tip (for example, lectin on surface, sugar on tip or
lectin on tip, sugar on surface). Using a mixed SAM platform not only allows
covalent

immobilization

of

an

amine

containing

molecule

(specifically

mannosylamine or the lectin Con A in these experiments), but also provides an inert
surface over the surrounding area that minimizes non-specific interactions and
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provides a well separated and homogeneous environment for binding. In this study,
AFM as a versatile technique was applied for both imaging and measurement of the
specific interaction forces between the Con A and mannose. In order to enable
covalent attachment to a surface via active –NH2 groups, this work used a one-step
synthesis protocol to create an amine-functionalized sugar by a novel amination
reaction. The flexibility and reliability of this platform was tested by conducting the
measurements under varying environmental conditions, and the specificity of the
binding interactions could be confirmed via the blocking of binding sites on the Con A
with free mannose. Combined with the functionality of the mixed SAM platform
described above, Con A and mannose were immobilized on the substrates (surface and
AFM tip) to investigate the specific interaction at the single molecule level.

2.2 Experimental section
2.2.1Materials and instrumentation
(1-Mercaptoundec-11-yl) hexaethylene glycol (Oligoethylene glycol (OEG)
terminated

thiol),

acid)-N-Succinimidyl

HS-C11-(EG)6OH,
ester

and

(NHS-terminated

(1-mercaptonhexanedecanoic

thiol)

HS-C15COO-NHS,

were

purchased from Asemblon Inc (Redmond, WA) and SensoPath Technologies
(Bozeman, MT) respectively. Ethanol (200-proof) was purchased from Decon Labs,
Inc. (King of Prussia, PA). Epoxy glue was purchased from Epoxy Technology (Avon,
OH). Tetrahydrofuran (THF), highly purified Concanavalin A from Canavalia
ensiformis (Jack bean), type IV, D-(+)-mannose and ammonium carbonate were
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purchased from Sigma-Aldrich (St. Louis, MO). Phosphate-buffered saline (PBS pH
7.4) (11.9 mM phosphates, 137 mM sodium chloride and 2.7 mM potassium chloride)
was obtained from Fisher Scientific. Ultrapure water (resistivity 18.2 MΩ-cm)
obtained from a MilliQ water purification system (Millipore Scientific, MA). Gold
coated PPP-CONTCSAu cantilevers from Nanosensors (Neuchatel, Switzerland) and
TR800PSA cantilever form Olympus (Tokyo, Japan) were used for force
measurement and imaging. All force spectroscopy experiments were performed using
an Asylum MFP-3D atomic force microscope (Asylum Research, Santa Barbara, CA).
NMR experiments were carried out on a Varian ((Palo Alto, CA) spectrometer.

2.2.2 Preparation and characterization of glycosylamines of mannose
Since the mixed SAM strategy involved functional NHS groups on the surface, it
was necessary to form a variant of the sugar molecule with pendant amine groups to
enable attachment to the platform. Amination of mannose was performed using a
Kochetkov reaction involving the treatment of reducing sugars with ammonium
carbonate to create anomeric amines.[162, 163] A solution of mannose (1%) in
saturated aqueous ammonium carbonate was stirred at room temperature for 5 days at
room temperature (20 oC). Solid (NH4)2CO3 was added in fractions during the course
of the reaction to ensure saturation. After the reaction, the solution was dried in
vacuum for 2 days. Excess solid (NH4)2CO3 was removed by dissolving the crude
glycosylamine in warm methanol. After termination of CO2 evolution, the methanol
was slowly evaporated and the residual material dried in vacuum overnight. 50 mg
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freshly prepared sample was dissolved in 1 ml D2O, and further characterized by
NMR working at 300 MHz for proton to verify the formation of the glycosylamine.

2.2.3 Functionalized substrate and probe preparation
To easily locate single protein molecules immobilized on the surface, and further
optimize their surface density, it is important that the substrate should have large flat
area. Gold is a popular substrate, because it is stable in various conditions, and can be
easily functionalized by organic thiols to from SAMs. Typically gold surfaces are
obtained by the physical vapor deposition of gold on mica surfaces. However, gold
surfaces formed in this manner can be irregular, with unpredictable terrace features
ranging from tens to hundreds of nanometer formed during the vaporizing process.
This causes difficulty to clearly visualize features smaller than the terraces. In this
part of research, in order to clearly distinguish proteins from the underlying substrates,
and further to optimize the protein immobilization strategy, it was important to
develop a technique to form ultraflat surfaces that presented a flat, defect free
substrate over a large area (around 5-10 µm2). Since the vapor deposition of the gold
on mica surfaces follows an epitaxial deposition process, ultraflat surfaces can be
formed by using the gold surface in closest contact with the mica. This
“template-stripped” gold (TSG) is formed by stripping the mica layer using a solvent
such as tetrahydrofuran (THF) method.[164] The resulting gold surfaces, with the
roughness similar to mica, were then washed several times with ethanol prior to
formation of the mixed SAMs.
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Mixed thiol SAMs were prepared by the incubation of the freshly prepared gold
surfaces in a 5 mM mixed thiol solution (the molar ratio of OEG and NHS thiol was
maintained at 10000:1 to ensure separation of attachment sites for protein on the
surface) in ethanol for 20 hours at room temperature. After incubation, the surfaces
were rinsed with ethanol, and placed in a 10 ng/ml solution of Con A in PBS buffer
for 1 hour at room temperature. Gold coated cantilevers (PPP-CONTCSAu) with
mixed SAM coatings were prepared in the same manner. The cantilevers were
incubated with mannosylamine in PBS buffer for 1 hour to obtain sugar
functionalized AFM tips.
Following the incubation, the resulting surface and cantilever were washed with
PBS buffer to remove any unattached protein and glycosylamine. The surfaces were
then placed in a fluid cell containing 500 μl of PBS for AFM imaging and force
measurements. Experiments were also performed with the lectin attached to the
cantilever and the aminated sugar linked to a surface via the same chemistry and
identical procedure as that described above.

2.2.4 AFM imaging of surfaces and force spectroscopy
Spring constants of functionalized cantilevers were measured using the thermal
fluctuation method.[165] TR800PSA cantilever (spring constant ~0.15 N/m,
resonance frequency 24 kHz) were cleaned using high-intensity UV light to remove
organic contamination and used for imaging the surfaces in noncontact mode. A
PPP-CONTCSAu cantilever (spring constant ~0.2 N/m, resonance frequency 24 kHz)
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functionalized with the SAM and the sugar or protein (as described above) was used
for measurement of interaction forces. Regions containing protein molecules were
identified prior to force spectroscopy by imaging and force-distance curves were
obtained by moving the tip to these locations, holding it in place for 5 seconds to
allow binding to occur and then retracting in a repeated, cyclic manner. Several
hundred curves were obtained for each experiment by moving the tip to different
points on the surface, including areas where no protein was previously observed as a
control. The force of contact was kept <500 pN to avoid damaging the surface protein.

2.3 Results and discussion
2.3.1 Synthesis and verification of mannosylamine
In order to study the interaction between a carbohydrate and a carbohydrate-binding
protein (lectin), an important prerequisite is to activate or modify the carbohydrate so
that it can be covalently attached to a substrate or probe without a changing either its
conformation or properties. Touhami and colleagues reported using thiol-terminated
hexasaccharide to create carbohydrate surface.[161] Lekka et al. reported using
3-aminopropyltriethoxysilane (APTES) silanized glass slide to immobilized
glycoprotein with mannose unit present.[160] However, these methods usually
involve several synthesis steps, or result in disturbing the reducing termini of the
sugar. It is important to note that the unmodified hydroxyl groups at the C3, C4 and
C6 positions of D-glucopyranosyl or D-mannopyranosyl rings are hypothesized to be
essential for binding saccharides.[166] Studies have shown that the modifications of
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hydroxyl groups significantly affect the binding between the sugar and the lectin.
More specifically, the C2 position is crucial for Con A binding, which is reflected in
the 5 times higher affinity of Con A towards mannose than glucose, which are C2
epimers.[167] Hence, the specific position of the functionalization on the mannose
molecule was considered an important criterion for choosing a modification method.
In this study, a one step animation reaction was chosen to modify the mannose. The
reaction starts with an unprotected mannose and results in a 1-amino-1-deoxy sugar.
An amine group substituting the hydroxyl group at C1 allowing it to be easily linked
to a surface containing –COOH or –CONHS groups, and also avoiding any loss in
binding ability (Figure 2.3 A).
This conversion of the mannose to the aminated form was confirmed by comparison
to the 1H NMR spectroscopy between the product of the amination reaction and the
native mannose. The mannose 1H NMR spectroscopy was reported as follows[162]:
Mannose C6H12O6: 1H NMR (300MHz, D2O), δ 5.00 (s, 1H, corresponds to OH
group on C1 position), δ 4.67 (s, 1H), δ3.76–3.47 (m, 7H).
The product of the reaction (C6H13NO5) (Figure 2.2): 1H NMR (300MHz, D2O): δ
5.00 (s, 1H corresponds to the OH group of the C1 position of the residual mannose),
δ 4.66 (s, 1H), δ 4.36 (s, 2H, corresponds toNH2 group), δ 4.16 (s, 1H), δ 3.79–3.36
(m, 7H).

40

Figure 2.2. NMR Analysis of mannosylamine prepared by Kotchetkov amination.
The NMR spectra of mannosylamine, δ=5.00 (s, 1 H from the OH(C1) group of
residue mannose), δ=4.66 (s, 1 H), δ=4.36 (s, 2 H from NH2 group), δ=4.16 (s, 1 H),
δ=3.79-3.36 (m, 7 H). From these results, the molar ratio of NH2 group to OH (C1)
group is estimated to be ~ 4:1 (molar fraction) in rough mannosylamine product,
showing that NH2 group successfully replaced most of the OH (C1) group of
mannose. The inset shows the NMR spectrum over the entire range.
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The appearance of a peak at δ 4.36 suggests the successful amination reaction,
leading to the formation of the mannosylamine. However, the smaller peak at δ 5.00
indicates that a small amount of the starting mannose remained unreacted in the final
product. The molar ratio of NH2 group to OH (C1) group can be estimated as ~ 4:1 in
the mannosylamine product, showing that the majority of the starting mannose was
converted. Since the residual unmodified mannose does not react with the NHS
group of thiol, it can be easily removed by rinsing. While diglycosylamines are also
produced as byproducts in this reaction (reported yield is around 5-10%) [162],
however, the presence of the NH group of diglycoslamines prevents covalent
attachment to the self-assembled monolayers and they can be removed by rinsing
with buffer as well.

2.3.2 Self assembled monolayer on gold and immobilization of Con A and
mannose
Mixed SAMs utilizing binary mixtures of functionalized thiols are generally
synthesized by co-adsorption to a surface from a mixture of thiols.[168] The mixed
SAM platform provides an ideal surface to attach single molecules and study their
interactions without the interference of non-specific adhesion. Since many
carbohydrate-carbohydrate and protein-carbohydrate interactions are polyvalent in
nature, the precisely controlled surface density of the ligands is especially important
to analyze the data, and reduce the complexity of the interaction experiment. [118]
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Figure 2.3. Schematic representation of the strategy used for immobilization of
concanavalin A and mannose on substrates. (A) amination of mannose; (B), structure
of NHS-terminated thiol, OEG terminated thiol and the self-assembled monolayers
formed on the surface and probe; (C) and (D) adsorption of Con A and mannose on
the functionalized substrates.

Here, a mixed thiol approach consisting of two alkyl thiols - a protein-resistant
oligoethylene glycol (OEG) thiol SAM along with a sparsely populated
N-hydroxysuccinimide (NHS) thiol was used to form the molecular platform. The
NHS terminated thiol (HS-C15COO-NHS) can react with amine groups, and thus act
as covalent tethers for the biomolecules. In this study, amine groups exist in the
lysine residues present on Con A or via the mannosylamine obtained by the
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described method above. Concurrently, the OEG terminated thiol (HS-C11-(EG)6OH)
has been shown to be resistant to protein adhesion [169] as well as to non-specific
tip-surface interactions [118]. Utilizing this OEG thiol allows spacing the position of
the active NHS groups. By simply changing the proportion of the two thiols in the
ethanol solution, the ligand density could be easily tuned to obtain the optimal
surface density of proteins or sugar molecules. A previously optimized NHS to OEG
thiols ratio (1:10000) was used in this research.[118]
Besides using OEG thiols to space the position of the active NHS groups, the
concentration of the protein used for the immobilization process is also critical to
obtain a platform surface with protein features well separated from each other. Hence,
in this research, the concentration of the protein solution was also modulated to
minimize the probability of multiple molecules interacting with the AFM cantilever.
Con A solution with varying concentrations ranging from 1-1000 ng/ml were used to
incubate Au surface functionalized with mixed SAMs. Figure 2.4 A and B are the
AFM images showing the functional gold surface incubated with 10 ng/ml and 200
ng/ml Con A respectively. The features surface density significantly increased with
the protein concentration. In comparison, a relatively low concentration of protein
solution (1-10 ng/ml) is optimal to obtain a surface with well-separated protein
immobilized on. The following experiments were conducted with 10 ng/ml protein
solution.
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Figure 2.4. AFM images of the mixed SAM functional gold surface incubated with
different concentration of concanavalin A solution. (A) with 10 ng/ml Con A; (B) 200
ng/ml Con A.

The lectin used in this study, Concanavalin A (Con A) is isolated from the jack
bean (Canavalia Ensiformis) and binds specifically to mannosyl and glucosyl residues
of polysaccharides and glycoproteins. The monomeric molecular weight of unit of
Con A is 25.5 kDa. At pH < 5.5 Con-A exists as a dimer (two-protomer unit with
overall dimensions of about 30 x 45 x 89 Å), and at a pH>7 it exists as a tetramer.
[170, 171] Experiments were conducted at a pH of 4.8 to minimize the probability of
multivalent interactions from a Con A tetramer.
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Figure 2.5. AFM images of concanavalin A on ultraflat gold surfaces functionalized
with mixed SAMs in PBS at different pH. At pH 4.8, AFM topographic image (A)
and 3D image (B), and the corresponding section (C). At pH 7.4, AFM topographic
image (D) and 3D image (E), and the corresponding section (F).

In order to clearly assess the dimensions of the Con A in different multimeric
states (dimer, tetramer) via AFM imaging under different pH, ultraflat gold surfaces
need to be used to avoid the terrace features on the regular gold surface. Ultraflat gold
is defined as one having a roughness of < 1 nm over a 5 μm2 area. As prepared by
template stripping, flat gold surfaces with a mean surface roughness value of ±0.40
nm over a 5 μm2 area were obtained, following the formation of the mixed thiol SAM
as described above. This enabled a clear visualization of the attached protein. Figure
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2.5 A and B show the non-contact AFM image of a SAM surface with a typical
concentration of Con A. on a mixed SAM functionalized gold surface. The
morphology of the platform with the Con A was observed to be homogeneous and
stable upon repeated AFM imaging with surface features in the range of 3-8 nm in
height. (Mean roughness was estimated to be ±0.68 nm at an optimal concentration of
Con A on the surface). Figure 2.5 C shows a 2 μm line profile across the SAM surface
with the immobilized lectin. The height values correspond well with the dimensions
of the Con A molecule obtained using X-ray crystallography.[170] As a comparison,
the morphology of Con A on the surface at a pH of 7.4 was also recorded by AFM
image (Figure 2.5 D and E), where the molecule is expected to be a tetramer, was
observed to display feature sizes on the order of 10-20 nm (Figure 2.5 F). Subsequent
to the imaging, gold coated AFM cantilever was also functionalized with
mannosylamine in a similar fashion and used for collection of force curves on a
surface that had Con A immobilized on it.

2.3.3 Force measurement between the Con A and the mannose
To minimize the deviation among the experiments, a 300 pN force was
designated as trigger point, and 5 seconds as dwelling time. This means that during
the force measurements, after the tip touched the surface with 300 pN force, the tip
remains on the surface for 5 seconds before retracting from the surface. This step is to
ensure a higher probability of an interaction between the carbohydrate and lectin
immobilized on each interacting surface (the platform and the AFM cantilever tip).
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For each set of force spectroscopy experiment, hundreds of force-distance curves
were measured. Each measurement was recorded as force-distance curve. The force
measurements were converted from the deflection signal of the cantilever using the
slope of the cantilever on a hard surface and the cantilever spring constant calibrated
using the thermal noise method in fluid.[165, 172] Rupture distances are determined
from the force-distance curves from the point at which the tip contacts the hard
substrate, to the point where the force jump returns to zero. It is important to note that
this is not the bond length of the biomolecule pair, but the distance between the AFM
tip and the substrate, which includes deflection of cantilever as the bound complex is
pulled apart, the length of the linker tethered with biomolecules and the bond length.
[87]
In typical AFM experiments, a large nonspecific adhesive force is generally
observed between the surface and the cantilever tip (Figure 2.6 C). This is manifested
in a cantilever deflection that is observed as a linear non-delayed retraction curve with
the same slope as that of the contact region. A combination of factors such as
hydrophobic, electrostatic, or Van der Waals interactions may result in adhesive
forces of magnitudes that are on the order of the binding event between an antibody
and antigen or receptor and ligand and often obscures specific interactions.[173] Such
confounding factors make the selection and analysis of force-distance spectra
considerably difficult. As reported earlier, the use of an OEG terminated thiol
surrounding NHS tethers is a simple and effective strategy to significantly reduce the
incidence of non-specific tip-surface adhesion, and the inherent water layer around
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OEG groups is hypothesized to preserve the protein conformation and binding
ability.[118] This enabled us to clearly observe and analyze molecular recognition
events that are distinguishable from areas on the surface where there is no interaction
and formed the basis for the single molecule platform described in this chapter.
Although the mixed SAM modification minimizes the nonspecific adhesion, the
presence of defects in the mixed SAM still causes a small portion of the force-curve to
show non-specific interactions which affect the final rupture force analysis. Hence,
criteria are needed for the determination of specific versus nonspecific interactions in
hundreds of the force-distance curves obtained in each set of the experiments, and
over 1000 curves with one tip. First, the adhesive interactions within 10 nm rupture
length are neglected, since the nonspecific adhesion usually takes place at this length
scale.[92] Second, interactions at a rupture length between 10 to 50 nm were used for
the analysis which is proposed specific interaction between the tethered Con A and the
mannose; Third, if both specific and nonspecific interaction exist in the same trace,
only the ones with a small nonspecific interaction and also with a well separated
interaction event are used for analysis. These selection criteria greatly streamline the
process of analyzing force curves and also enable discrimination of data in an
unbiased manner for the determination of rupture forces.
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Figure 2.6. Typical AFM force–distance curves obtained in the experiments: (A) No
tip surface sticking when the tip encounters the OEG SAM on the surface (B) typical
selected traces indicating a molecular recognition event and (C) ∼10% of the traces
showed a small non-specific adhesion force and were selected for analysis. Traces
where the tip-surface sticking was >200 pN were not used (D) in the presence of free
mannose in the solution, the force dropped to zero.

Typical force-distance curves obtained the experiments are shown in Figure 2.6.
In the absence of any interaction, the retraction curve did not show any rupture force
as seen in Figure 2.6A. Figure 2.6B shows the typical specific interaction forces of the
curves that were selected for analysis. In a small percentage of observed
force-distance curves (typically ~ 10%), we observe a small tip surface adhesion
(Figure 2.6C). These curves were also selected for analysis because of a clearly
discernible interaction event. Around 10 % of the total number of curves obtained had
large non-specific forces that were > 200 pN and were discarded. It is likely that the
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tip becomes contaminated after collection of a large number of force curves resulting
in larger non-specific forces over time. However, an additional advantage of
functionalization is that the OEG SAM also prolongs the useful life of the tip allowing
several measurements to be taken (for a typical experiment n ~ 1000). Selected force
curves were analyzed by histogram analysis in IgorPro to determine the rupture force
and rupture lengths.

Figure 2.7. Single molecule force spectroscopy showing the distribution of rupture
forces for the concanavalin A-sugar complexes. The Gaussians showed quantized
binding events at 163±2 pN and 276±6 pN at a pH of 4.8 (n = 200). The inset shows
the corresponding values at a higher pH of 7.4 (n = 300) where the Con A exists as a
tetramer. Quantization of forces shows peaks at 218±6 pN and 436±10 pN.

To statistically analyze the force data, a bin size of 25 pN was used to construct
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histograms and multiple Gaussians curves were fit to the data. Goodness of fit was
determined by the χ2 statistic for each Gaussian. The distribution of the forces is
shown in Figure 2.7. At a pH of 4.8, the rupture forces show a clear quantization of
force with peaks around 163 pN and 276 pN. The inset of Figure 2.7 shows the
analysis of force curves at a pH of 7.4, where multivalent interactions are likely to
dominate. The peaks were obtained around 218 pN and 436 pN. Despite the use of the
mixed SAM platform and low concentration of the lectin and sugar, we still obtained
a small percentage of multivalent interactions. However, the percentage of such
events was much lower than that observed without any such surface modification,
showing the usefulness of this platform.

Figure 2.8. Histogram analysis of single molecule force spectroscopy experiments
with the Con A on the AFM tip and the mannosylamine on the surface (n = 128). The
Gaussians showed quantized binding events at 102.5±5.2 and 218±20 pN.
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2.3.4 Carbohydrate immobilized on the platform surface
To understand the effect of immobilization as well as to probe the multivalency
of interactions, the positions of the Con A and the mannosylamine were switched.
These experiments consisted of a functionalized AFM cantilever with Con A tethered
via a mixed SAM and the platform with mannosylamine covalently bound via NHS
linkages as described in the experimental section above, the mannosylamine could be
attached to the mixed SAM surface via the same chemistry that enabled the tethering
of Con A. The distribution of forces is shown in Figure 2.8. Clear quantized peaks can
be observed via the fit Gaussians at 93, 173 and 258 pN corresponding to single and
multiple interactions respectively. The number of multivalent interactions in these
experiments was much lower than those observed when the lectin was on the platform
surface and the sugar on the AFM cantilever surface. This may be due to the fact the
binding sites on Con A are 6.5 nm apart from each other, which reduce the possibility
of multiple interaction with mannose immobilized on the cantilever surface.
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Figure 2.9. Control experiment showing the decrease in binding on blocking with a
0.1mM solution of mannose. The graph shows the percentage of curves obtained with
specific, zero and non-specific interactions before blocking (n = 344) and after
blocking (n = 482). These results clearly shows that the free mannose blocks the
binding sites of the Con A, and prevents the further interaction with the mannose
immobilized on the AFM cantilever, and further confirmed the specific binding
between the Con A and mannose in the previous experiments.

2.3.5 Blocking with free sugar
Following the measurement of the interaction forces between Con A and the
mannose sugar, blocking experiments were conducted to verify that the interactions
were indeed specific. Binding sites on the Con A tethered to the SAM surface on the
platform were blocked by the addition of 0.1M mannose solution prior to
measurements of force with a mannosylamine functionalized cantilever. The change
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in binding is shown in Figure 2.9. Both the frequency as well as magnitude of the
forces dropped as shown in the figure. In each experiment, there was at least an order
of magnitude decrease in the binding of the lectin and the sugar as a result of the
blocking with the mannose. Thus we can hypothesize that free sugar blocks the
binding sites of the lectin preventing any further interactions with the sugar
conjugated to the AFM cantilever. This indicates that the binding between the
mannose and the lectin was specific as designed.

2.3.6 Force analysis
Based on the force values obtained, the rupture force for a single Con A –
mannose bond was estimated to be 95 ± 10 pN. The Con A dimers and tetramers
possess two and four binding sites that can act independently. A sugar functionalized
AFM tip (with a typical radius of curvature of ~ 10 nm) is large enough to span
multiple binding sites on a lectin. Thus at a pH of 4.8, with the dimeric Con A on the
surface and the mannosylamine on the AFM tip, it is possible that are many “double”
interactions. At a pH of 7.4, where the Con A exists as a tetramer, more multivalent
interactions (3 and 4) are seen. At a pH of 4.8, the force peaks around 163 pN and 276
pN correspond to 2 and 3 interactions. The higher peak around 420 pN at a pH of 7.4
would likely indicate that the possibility of ~ 2 tetramers of Con A that might be
binding to 2 sugar molecules on the tip. When the Con A is on the AFM tip, there is a
lesser likelihood of multiple interactions because of the size of the lectin in
comparison to the tip radius (~ 10-20 nm) is such that the probability of a single Con
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A molecule interacting with single mannose is higher.
The possibility of more than one sugar molecule in close proximity cannot be
ruled out despite the SAM approach taken in this work. However, as can be seen from
the distribution of forces, the majority of interactions are single or double interactions
as expected, with single interactions predominating when the Con A is on the AFM
tip and the mannose on the surface. The use of this versatile, functionalized SAM
platform allows investigation of these multivalent interactions and thereby calculation
of the rupture force for a single Con A and mannose bond. It must also be noted that
there is a wide range of forces estimated due to the uncertainty in the determination of
the spring constant of the cantilever. The measured values of the spring constants
often differed by as much as 20 % from the value supplied by the manufacturer. As
has been observed by several studies, this leads to an inherent uncertainty in
determination of an accurate force value.[174]
Experiments to determine the rupture forces were conducted at a loading rate of
~150 nN/sec. Ratto et al. estimated the unbinding force for a polymer-tethered
concanavalin A with a tethered mannose molecule to be 47 ± 6.9 pN. The loading rate
in their experiment was ~ 10 nN/sec. The unbinding force for a single Con A
-mannose bond obtained here is almost twice this value and may be attributed to the
significantly higher loading in these experiments. Although the unbinding force is
dependent on the loading rate, with an increased loading rate resulting in a higher
force [175], a consistent increase on increasing the loading rate to 300 nN/sec was not
observed. This suggests that the unbinding energy landscape for this system seems to
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level off at higher loading. In addition, the effect of glycoside clustering and
introduction of multivalent binding as has been studied in previous studies is also
intriguing and may play a significant role in these interactions at the single molecule
level. [176]

2.4 Conclusions
In this chapter, an effective platform was established and used to study single
molecule interaction. The efficacy of this platform was tested with a well
characterized and important lectin and carbohydrate binding system. This strategy
involved biomolecule immobilization using mixed SAMs, to enable AFM force
spectroscopy with improved accuracy and specificity. The results show that the
functionalized SAM surfaces reduce the incidence of non-specific tip-surface
adhesion artifacts as well as allow the positioning of molecules at a sufficiently low
concentration to enable single molecule monitoring. The reduction in non-specific
adhesion forces permit using unbiased criteria and easier analysis of force-distance
curves. A novel method to synthesize functionalized carbohydrates was developed
which has implications in the investigation of lectin-carbohydrate interactions in
glucoarrays as well as lectin arrays. By changing the pH of the interaction
environment, the multimeric state of concanavalin A (dimer, tetramer) could be
observed both via AFM imaging and in the distribution of rupture force analyzed
from each state. The binding events are strongly influenced by introducing with free
sugars to block the binding site of the Con A.
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The combination of the SAM with the amination protocol makes this a versatile
strategy for probing lectin and sugar binding under different environmental
conditions. It was hypothesized that this is a versatile platform, which allows
determination of the single molecule bond strength with high specificity for different
biological recognition system. In the subsequent chapter, this platform is applied
extensively in the investigation of various newly developed biorecognition systems,
such as aptamer/target protein systems.

[This chapter contains results that have been previously published in the paper
“Functionalized self-assembled monolayers for measuring single molecule lectin
carbohydrate interactions” in Analytica Chimica Acta, 2009]

58

CHAPTER 3

INVESTIGATION OF THE MOLECULAR INTERACTION BETWEEN AN
APTAMER AND ITS PROTEIN TARGET VIA FORCE SPECTROSCOPY

3.1 Introduction
Building on the platform for studying molecular interaction described above, a
general formulation to investigate the binding of flexible and adaptive molecular
recognition elements was developed in this chapter. As shown in this and subsequent
chapters, using oligonucleotides as functional elements have enormous potential for
molecular recognition. It was the goal of this work to further develop this field. As a
test system, an important angiogenic protein, vascular endothelial growth factor
(VEGF) and its corresponding aptamers were selected as model systems. The
experiments and results detailed below focused on understanding the binding
behavior of this aptamer/target protein system at molecular scales.
As previously introduced in Chapter 1, aptamers are a class of synthesized,
functional, ligand-binding nucleic acids, whose affinity and specificity is comparable
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to, and can often exceed those of antibodies towards their targets. The evolutionary
selection of aptamers by a process called Systematic Evolution of Ligands by
Exponential Enrichment (SELEX) [177, 178], allows us to synthetically create
nucleotide sequences with exquisite recognition capabilities against a wide variety of
targets including proteins and small molecules.[179] Aptamer technology has been
proven to be a potentially powerful tool with applications in biosensors [43],
diagnostics and therapeutics [38], such as the FDA approved aptamer-based
therapeutic agent Pegaptanib for the treatment of nonvascular age-related macular
degeneration.[41]
As aptamers gain widespread utility in biotechnological applications,
understanding the mechanisms of interaction with their targets is of vital importance.
Insights into the structure, dynamics, and the biophysics of the fundamental
interactions and complex formation would greatly enhance the ability to rationally
engineer and design the next generation of aptamer-based tools. Typically, the
interactions between aptamers and their targets have been investigated at a molecular
level primarily using NMR spectroscopy and X-ray diffraction.[44] Recently, surface
plasmon resonance [180] and fluorescence resonance energy transfer [181] were
applied to study the mechanisms of aptamer interactions. However, these represent
observations of ensemble scale interactions by essentially “capturing” a DNA
aptamer-protein complex and studying steady states averaged over millions of
molecules. As discussed in Chapter 1, these ensemble level techniques cannot
provide detailed kinetic information, including subpopulation properties. In
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comparison, single molecule techniques such as using AFM force spectroscopy
allow us to detect temporal transitions, spatial states and binding/unfolding energy
landscapes which are normally obscured in ensemble scale studies.[71]
To date, there have been limited studies on the binding of aptamers with their
targets using AFM and other single molecule tools. Basnar et al. investigated the
rupture force between an aptamer functionalized AFM tip and a thrombin modified
Au surface.[182]

Jiang et

al.

studied the specific interaction between

immunoglobulin E (IgE) and its binding aptamer and obtained a rupture force of 160
± 29 pN. In comparison, the binding force between IgE and its monoclonal antibody
was reported to be 139 ± 43 pN.[49] However, questions on aptamer affinity at the
molecular level remain unanswered. For example, owing to the flexible, adaptive
binding of aptamers, higher-affinity binding aptamers are not necessarily more
specific to their target ligands.[183] In addition, environmental parameters can have
a strong influence on the specificity and selectivity of aptamers to their targets and
has not been probed at the molecular level.
A comprehensive study was carried out on the molecular level interactions
between an RNA aptamer and its protein target. Specifically, vascular endothelial
growth factor (VEGF) and anti-VEGF RNA aptamer was investigated. VEGF is a
disulfide-linked dimeric glycoprotein serving as a crucial mediator of angiogenesis.
It can stimulate blood vessel growth and plays an important role in pathological
processes such as tumor growth, rheumatoid arthritis, and age-related macular
degeneration.[184] VEGF induces proliferation of endothelial cells through binding
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to the kinase domain receptor and the Fms-like tyrosine kinase receptor. There are
four principal isoforms of VEGF expressed in humans, which contain 121, 165, 189
and 206 amino acids respectively.[185]

VEGF165 (containing 165 amino acids) is

the predominant and most physiologically relevant isoform, with a molecular weight
about 45 kDa. VEGF165 has a heparin binding domain (pdb: 1KMX) formed by
111-165 residues, which is not present in the VEGF121 isoform.[186] Aptamers
selected to bind to VEGF were in turn, shown to be capable of inhibiting the binding
of VEGF to its receptors and therefore regulating angiogenesis and metastasis, with
clinical implications.[187]
The binding of VEGF165 and the anti-VEGF165 aptamer was observed by
force spectroscopy using an AFM to capture fundamental interaction information at
the molecular level. The use of the mixed self-assembled monolayer platform
described in the previous chapter provided the ideal platform to enable such
investigations. As shown, functional groups in the monolayers allowed control over
the attachment of the protein to the surface and the mitigation of non-specific
tip-surface adhesion forces. An isoform of the target VEGF protein – VEGF121 with
121 amino acids, deficient in a critical heparin binding domain[188] and a VEGF165
isoform blocked with heparin were used to study the specificity of the aptamer. [189]
Control experiments were conducted to measure the interaction forces between the
aptamer and protein using bare (no aptamer attached) cantilevers and surfaces as
well as a random sequence (nonbinding) RNA ligand. These experiments revealed
the degree of nonspecific adhesion between the aptamer and protein. In addition, the
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extremely important effect of the loading rate on the rupture forces between the
aptamer and its target were studied. Finally, the relationship between stability and
binding force of aptamer towards its target was investigated by varying the
concentration of a metal ion (Mg2+) in the binding buffer.

3.2 Experimental section
3.2.1 Materials and instrumentation
RNA aptamers with a 5′ dithiol S-S modifier and a (CH2)6 spacer with RNase free
HPLC purification were custom synthesized by Integrated DNA Technologies, Inc.
(Coralville, IA). Recombinant VEGF165 and VEGF121 were obtained from Biovision,
Inc. (Mountain view, CA). The specific aptamer for VEGF165 is referred to as the
anti-VEGF165 aptamer in the rest of the manuscript. The sequence of the anti-VEGF165
RNA aptamer and a random RNA ligands used as a control aptamer was used in this
chapter, and the sequences are: 5′-CCG GUA GUC GCA UGG CCC AUC GCG CCC
GG-3′ and 5′-UAC AGA CGA CAC AUA GAG AUA GAC CGA GA-3′
respectively.
(1-Mercaptoundec-11-yl) hexaethylene glycol (Oligoethylene glycol (OEG)
terminated

thiol),

acid)-N-succinimidyl

HS-C11-(EG)6OH,
ester

(NHS-terminated

and

(1-mercaptohexadecanoic

thiol),

HS-C15COO-NHS,

were

purchased from Asemblon Inc (Redmond, WA) and SensoPath Technologies
(Bozeman, MT) respectively. Tetrahydrofuran (THF), Phosphate-buffered saline (PBS
pH 7.4) (11.9 mM phosphates, 137 mM sodium chloride and 2.7 mM potassium
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chloride, 1 M MgCl2 solution (molecular biology grade) and Ethanol (200-proof) were
purchased from Fisher Scientific. DEPC treated RNase free water was used for all
experiments. Gold surfaces were purchased from Agilent Technologies, Inc. (Foster
City, CA) Gold coated PPP-CONTCSAu cantilevers from Nanosensors (Neuchatel,
Switzerland), TR400 PB and TR800PSA cantilevers from Olympus (Tokyo, Japan)
were used for force measurement and imaging respectively. All AFM imaging and
force spectroscopy experiments were performed using an Asylum MFP-3D atomic
force microscope (Asylum Research, Santa Barbara, CA).

3.2.2 Functionalized substrate and probe preparation
Gold surfaces were cleaned by washing several times with ethanol prior to
formation of the self-assembled monolayers (SAMs). Functionalized SAM platforms
were prepared as described in Chapter 2. After monolayer formation, the surfaces
were rinsed with ethanol, and incubated in a 0.2 μg/ml solution of VEGF in PBS
buffer for 1 hour at room temperature to take advantage of binding by the lysine
groups. The unreacted NHS groups were then quenched for 1 hour in 0.1M
ethanolamine solution at pH 7.4.
In contrast to the preparation procedure described in Chapter 2, the AFM
cantilever was functionalized by aptamer thiol directly. The aptamer was synthesized
with a thiol linker, so that it could be directly attached to a gold substrate. Specifically,
gold coated cantilevers (PPP-CONTCSAu and TR 400 PSA) were used to take
advantage of this chemistry by incubating with 5 μM 5′- thiol modified aptamers
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(aptamer-(CH2)6-S-S-(CH2)6-OH)

in

PBS

buffer

for

1

hour

to

obtain

aptamer-functionalized AFM tips. Following the incubation, the resulting surfaces
were washed with PBS buffer to remove any unattached aptamer. The surfaces were
then placed in a fluid cell containing 500 μl of PBS for AFM imaging and force
measurements. Control experiments without aptamers were performed using the bare
gold coated cantilevers directly with the modified platform surfaces.

3.2.3 AFM imaging of platform surfaces and force spectroscopy
Spring constants of functionalized cantilevers were measured using the
thermal fluctuation method.[165] TR800PSA cantilever (spring constant ~0.15 N/m,
resonance frequency 24 kHz) were cleaned using high-intensity UV light to remove
any organic contamination and used for imaging the surfaces in noncontact (tapping)
mode. PPP-CONTCSAu cantilever (spring constant ~0.2 N/m, resonance frequency
24 kHz) and TR400 PB cantilever (spring constant~0.09 N/m, resonance frequency
24 kHz) functionalized with the aptamer as described above, was used for
measurement of interaction forces. Regions containing VEGF molecules were
identified on the platform surfaces by imaging prior to force spectroscopy.
Force-distance curves were obtained using the same procedures described in
the previous chapter. To verify the specificity of the interaction curves obtained by
AFM, multiple control experiments were performed. The first set of control
experiments consisted of measuring the interaction of an un-functionalized (bare)
Au-cantilever and a mixed SAM surface with attached VEGF165 protein. The second
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set of experiments measured the interaction of an anti-VEGF165 aptamer with a
mixed SAM surface without any attached protein. The third set of control
experiments involved measuring the interactions of a nonbinding (control) aptamer
with a „random‟ sequence and a mixed SAM surface with attached VEGF165 protein.
The bonds between biological receptor molecules and their ligands are not
constants but instead are dependent upon the rate of force that is applied to the
ligand−receptor complex (referred as loading rate).[190] The effect of loading rate
was studied using cantilevers with different stiffness values and also by altering the
velocity of approach and retraction during force spectroscopy. The specificity of the
aptamer was investigated using two isoforms of VEGF - VEGF121 and VEGF165,
covalently attached to two different surfaces as described above. Earlier interaction
studies at the bulk scale, showed RNA-based aptamers capable of binding VEGF165
but not to VEGF121.[189] Interaction forces were then measured under identical
conditions using a cantilever functionalized with the anti-VEGF165 aptamer.
Blocking experiments were conducted to further verify the specificity and binding
site of the anti-VEGF165 aptamer. The platform surface with attached VEGF165 was
incubated with 5 µg/ml heparin solution for 15 min to block the heparin binding sites.
Following rinsing with PBS, interaction forces were measured. The effect of metal
ions on the stability and binding of the aptamer/protein complex was investigating
using binding buffers with different concentrations of Mg2+. Surfaces from each
experiment were repeatedly rinsed followed by a buffer exchange. After allowing the
system to equilibrate for a few hours, the interaction forces were measured as
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described above.

3.3 Results and discussion
3.3.1 Surface modification and protein/aptamer immobilization
As verified in the previous chapter, the mixed SAMs synthesized via
co-adsorption from solutions containing two different thiols provided a useful
strategy for the incorporation of properties from different molecular species. [115] In
this chapter, this technique was used to immobilize the VEGF protein on the
platform. An AFM cantilever was directly functionalized with the corresponding
thiol modified aptamer. The scheme of the AFM force spectroscopy is shown in
Figure 3.1.

Figure 3.1. Schematic of experiment showing the functionalization of the surface
and AFM tip with a SAM strategy. (A) The gold surface with a mixed SAM
modification and an AFM probe immobilized with VEGF165 and thiol terminated
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aptamer correspondingly. (B) Secondary structure of anti-VEGF165 aptamer
predicted by RNAfold web server with thiol modification at the 5′ end.

Figure 3.2. AFM characterization of VEGF165 on the mixed SAMs surface. An AFM
topography image (A) and a 3 D image (B) recorded in PBS buffer of VEGF165 on
the mixed SAMs surface. (C) A line profile across a 500 nm section showing the
height of the VEGF165 molecules observed on the surface.

3.3.2 Binding of RNA Ligands with VEGF165
The oligonucleotide aptamers specific to VEGF165 were first identified by
Jellinek et al.[187], and grouped into six families. After deletion analysis, the
minimal sequences required for high affinity binding were minimized to 29-36
nucleotides. One of the aptamers identified as 100t, a truncated high-affinity aptamer,
with a KD ~0.42 nM was used as the basis for the anti-VEGF165 aptamer reported in
this research. The affinity selections of the aptamers were performed in PBS, which
is the reaction buffer in our experiments. Figure 3.1B shows the secondary structure
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predicted by RNAfold.[194] This aptamer was also successfully applied in an RNA
aptamer microarray used to detect protein biomarkers including VEGF.[195]
More than 1500 curves were obtained from each experiment, and
approximately 20% of the curves showed a specific adhesion event. Typical
force-distance curves obtained are presented in Figure 3.3. The criteria for selecting
the proper force curves to analyze the rupture forces from the set of all data collected
were the same as those used in Chapter 2.

Figure 3.3. Typical AFM force–distance curves obtained in the experiments: (A) No
tip surface adhesion when the tip encounters the OEG SAM on the surface (B)
typical selected traces indicating a molecular recognition event and (C) a small
amount of the traces showed a small non-specific adhesion force and were selected
for analysis. Traces where the tip-surface sticking was >200 pN were not used.
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Figure 3.4. Histogram analysis of rupture forces for VEGF165 and anti-VEGF165
RNA aptamer complexes (A), and series of control systems (B), including the system
with a cantilever functionalized with a random RNA sequence as a control RNA
ligand, a tip without aptamer functionalization, and an aptamer functionalized tip
against a bare surface modified with mixed SAMs but without protein immobilized
on. The solid lines are the fit Gaussian distributions for anti-VEGF165 aptamer,
showing quantized binding events with anti-VEGF165 aptamer at 119.3±2.5 pN and
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371±12.7 pN, and the force spectroscopy experiments conducted with different
control systems show a random distribution. The inset of B is the binding
percentages of all the force spectroscopy experiments mentioned above.

The force distribution histogram for aptamers and VEGF165 rupture force at a
loading rate of ~150 nN/s is shown in Figure 3.4A. The distribution of the rupture
force between the anti-VEGF165 aptamer and VEGF165 shows a clear peak at
119.3±2.5 pN, and a broad peak at 371±12.7 pN. A small percentage of curves
showed that multivalent interactions still occurred, with a much lower probability,
which could contribute to the broad distribution between 280-500 pN
Three different control experiments were carried out to confirm the measured
forces were indeed caused by the anti-VEGF165 aptamer/ VEGF165 interaction
(Figure 3.4B). First, a bare cantilever without attached aptamer was used to
interrogate a surface with immobilized VEGF165. In these experiments, the binding
percentage decreased to 3.2±0.7% (in contrast to 19.0±1.2% for the anti-VEGF165
aptamer/VEGF165 system). Second, a cantilever with an attached anti-VEGF165
aptamer was used to interrogate a surface without any attached VEGF165 protein
(The surface was covered with the mixed SAM thiols as described above without
any attached protein). The binding percentage in this case showed a decrease to 2.9%.
The significant decrease of the binding percentage (Figure 3.4B inset) and the
distinct force distribution of these two control experiments compared with
anti-VEGF165 aptamer/VEGF165 system demonstrated that the observed interactions
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between the functionalized cantilever and the surface are likely caused by specific
binding events between the aptamer and protein.
Finally, an RNA ligand, with the same length as the anti-VEGF165 aptamer
but with a random sequence, was designed in this study as a control aptamer to
further discriminate between the binding events of the aptamer and its specific target
from the nonspecific adhesion between a nucleic acid sequence and protein. This
control aptamer did not contain the consensus binding sequence of aptamer Family
1[187], and did not assume an intricate secondary structure as determined by
RNAfold.[196] However, interestingly the detected binding percentage was
6.1±1.0 %, which was significantly lower than that observed with the anti-VEGF165
aptamer, but higher than that observed with a bare cantilever. The histogram revealed
a broad peak of rupture force at 125.8±17.2 pN and a roughly uniform
distribution >250 pN. The lower binding probability and distinct force distribution
further confirmed that the forces measured between the anti-VEGF165 aptamer and
VEGF165 were caused by a sequence-specific interaction. They also indicated that
the anti-VEGF165 aptamer selected through SELEX showed a higher affinity towards
VEGF165 compared with other RNA ligands as manifested by a considerably higher
binding probability.
These results showed that even though the control aptamer did not adopt a
specific secondary structure corresponding to the VEGF165 molecule, an adhesion
force could still exist between this RNA motif and the protein at the molecular level.
It is known that positively charged amino acid residues (Arg82, Lys84 and His86)
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that mediate binding to the kinase domain receptor,[197] cluster to form a positively
charged surface at the end of the VEGF monomer. One possible hypothesis is that
the control aptamer may bind to this positively charged region owing to charge
interactions. In addition, the control aptamer was predicted as a linear structure
instead of a stable secondary structure, and with a higher minimal free energy than
the anti-VEGF165 aptamer (calculated by RNAfold [196]). This linear unstable
structure may result in more nucleotides in each aptamer molecule coming in contact
with the protein, thereby contributing to the non-specific adhesion observed between
this control aptamer and the protein at the molecular level.

3.3.3 Dynamic force spectroscopy of anti-VEGF165 aptamer and VEGF165
The bond strength of a ligand-receptor is a dynamic property that depends on
the force loading rate applied during bond rupture. [198] Single molecule dynamic
force spectroscopy of a ligand-receptor bond can provide valuable information about
the dissociation dynamics and prominent barriers traversed in the bond energy
landscape.[101, 102] In these experiments, the dependence of the rupture force on
the loading rate for the anti-VEGF165 aptamer/ VEGF165 was investigated. At each
loading rate, the molecular rupture force was obtained by the Gaussian fit of force
histograms from independent experiments (for example, the value of first peak in
Figure 3.4A). Under similar experimental conditions, the rupture forces were
measured at different loading rates ranging from 25 nN/s to 600 nN/s. The trend and
linear dependence of bond strength on the logarithm of loading rate are illustrated in
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Figure 3.5A. These values represent typical loading rates used in the study of
receptor-ligand interaction systems via AFM.[199] The unbinding force between
aptamer and protein shifted toward higher values with increasing pulling velocity,
with an increasing slope at the higher loading rate. An increase in peak width of the
force distribution with higher loading rate was also observed in these experiments.
For example, two force distributions at loading rates of 50 nN/s and 550 nN/s
showed force peaks at 112.3±2.4 pN and 181.5±4.7pN, with widths of 34.4±3.8 pN
and 55.7±6.0 pN respectively (Figure 3.5B). Thermal fluctuations of solvent
molecules play a more effective role in bond dissociation under lower loading rate,
resulting in lower force and sharp force distribution. On the other hand, at a higher
loading rate, less high-energy thermal fluctuations occur in a relatively shorter time,
resulting in a higher rupture force and wider peak. [101, 198]
The presence of two linear regimes indicates that the dissociation of the
aptamer/VEGF complex likely passes through different energy barriers from the
bound state to the dissociation state according to the Bell model.[101, 102, 200]
While the rupture force did not increase significantly at lower loading rates (25 nN/s
to 270 nN/s), there was a significant increase in rupture force as a function of the
loading rate at higher loading rates (270 nN/s to 600 nN/s). Similar energy regimes
were observed in the unbinding of the biotin-streptavidin bond over 9 orders of
magnitude in loading rate.[190]
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Figure 3.5 The dependence of rupture force between VEGF165 and anti-VEGF165
aptamer on loading rate. (A) Dynamic force spectra for VEGF165 and anti-VEGF165
aptamer interaction at different loading rates (25 nN/s - 600 nN/s). The peak forces
obtained at the respective loading rates are plotted along with the standard deviations
for each experiment. (B) Two examples of rupture force distributions of force
spectroscopy experiments conducted at a low and a high loading rate.
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In this loading scale, the measured rupture force is in the range of 85.0±3.0
pN to 184.2±3.0. Jiang et al.[49] determined the rupture force between IgE and its
aptamer as 160 ± 29 pN in the loading rate range from 80-210 nN/s, which is at a
comparable order of magnitude. Basnar et al.[182] measured the force to separate
thrombin and its aptamer complex; however, their experiments revealed a very low
separation value (4.45 pN), and the low force value was attributed to the melting of
the H-bonded G-quadruplexes conducted at a low loading rate of 3 nN/s. A higher
loading can therefore be postulated to help maintain the integrity of the RNA
aptamer structure. In a recent study, Yu et al.[201] studied the stability of
G-quadruplexes in the insulin linked polymorphism region sequence via laser
tweezers, and obtained a rupture force for parallel and antiparallel structures ~30 pN,
also under a low loading rate of 5 pN/s.

3.3.4 Specificity of the anti-VEGF165 aptamer
Experiments performed by Jellinek et al. to study the specificity and
competition of aptamers, revealed that the aptamer can be displaced by heparin from
the protein. This suggested that the heparin binding domain of VEGF165 is crucial for
aptamer binding.[187] Since the isoform VEGF121 (with 121 amino acids) does not
have a heparin binding domain, it is expected that the lack of this domain would
reduce the binding behavior between the protein and the anti-VEGF165 aptamer.
Similarly, an experiment where the heparin binding site of VEGF165 was blocked
would also be expected to show reduced binding. We therefore used VEGF121 and
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blocking experiments as a comparison to study the specificity of the interaction
between anti-VEGF165 aptamer and VEGF165.

Figure 3.6. Specificity of anti-VEGF165 RNA aptamer analysis. Histogram analysis
of rupture forces of anti-VEGF165 RNA aptamer against VEGF165, VEGF121 and
VEGF165 in presence of 5 µg/ml heparin. The solid lines are the fit Gaussian
distributions for VEGF165 (red), VEGF121 (green) and VEGF165 blocked with heparin
(blue), showed binding events with anti-VEGF165 aptamer at 119.3±2.5 pN,
116.2±6.6 pN and 82.6±2.5 pN, respectively. The inset is the binding percentages for
force spectroscopy experiments conducted with these different systems.

The force distribution of the interaction of the anti-VEGF165 aptamer with
VEGF165 that had been blocked with heparin is shown in Figure 3.6. While the
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rupture force dropped to 82.6±2.5 pN, the binding percentage dropped significantly
to 6.8±1.4% (Figure 3.6 inset). The force distribution histogram for anti-VEGF165
aptamer and the two VEGF isoforms at a loading rate of ~150 nN/s was also
analyzed. For the VEGF165/anti-VEGF165 aptamer system, clear and sharp peak was
observed via the Gaussian fit at 119.3±2.5 pN, with a binding percentage of
19.0±1.2%. On the other hand, for the anti-VEGF165 aptamer/ VEGF121 system, the
forces exhibited a similar distribution with a peak ~116.2±6.6 pN estimated from the
histogram distribution, but the binding percentage dropped by half to 9.6±0.5%. The
much fewer binding events, concluded from the experiments conducted with
VEGF121, and VEGF165 blocked with heparin, verified that the absence of the
heparin binding domain does indeed affect the interaction between anti-VEGF165
aptamer and VEGF, and confirmed that the heparin binding site is critical for the
binding of the anti-VEGF165 aptamer.
However, similar to the random sequence RNA ligand-VEGF165 system,
there are a small number of force curves for the anti-VEGF165 aptamer/VEGF121
system and anti-VEGF165 aptamer/VEGF165 blocked by heparin system that exhibit
binding events, especially evident at the molecular level. This shows that the
specificity of this particular RNA aptamer is limited to some extent. Since aptamers
are known to exhibit a high degree of structural flexibility, they can frequently
undergo significant conformational alterations in the presence of their ligands.[44]
Some aptamers selected by SELEX might change their secondary structure upon
binding to other non-preferential targets, while it is possible that aptamers with a
78

more rigid and stable structure could have higher specificity compared with flexible
aptamers.
Indeed, Carothers et al. [183] first questioned this specificity based on
analysis of the interaction between aptamers selected to bind to GTP, and 16
different analogues of GTP. Their results indicated that the binding affinity and
specificity were not closely related to each other. They further suggested that
increasing the stability of aptamer could be an effective way to improve affinity,
whereas the specificity of aptamer depended on the direct selection procedure.[183]
The result in this work, that the anti-VEGF165 aptamer also binds VEGF121, even
though at a lower frequency, may be explained by this hypothesis.

3.3.5 Binding in the presence of Mg2+
It was previously demonstrated that positively charged ions have a strong
influence on RNA folding into functional structure. They can neutralize negatively
charged phosphate groups on RNA [202]; moreover, positively charged ions,
especially divalent ions (such as Mg2+) can further reduced the negative potential by
binding to pre-formed binding sites, which only exist in tertiary structure, therefore,
they act as stabilizers to enhance the formation of tertiary structure of RNA.[203, 204]
By nuclear magnetic resonance (NMR) assay, Gonzalez et al. identified that a short,
two-nucleotide loop and the major groove of a stem formed a pocket which is the
specific binding site for Mg2+ and Co2+ in an RNA pseudoknot tertiary structure.[205]
Cho et al. studied the effect of Mg2+ on a multiplexed aptamer microarray generated
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by printing two RNA aptamers (anti-lysozyme and anti-ricin) and two DNA aptamers
(anti-IgE and anti-thrombin). It was observed that a single buffer containing 5 mM
MgCl2 was suitable for all the aptamers, despite the fact that the aptamers were
originally selected under diverse buffer conditions.[206] Taylor et al. used
single-molecule fluorescence resonance energy transfer to study the interaction
between a DNA aptamer and its target (VEGF) under different Mg2+ concentrations,
and the analysis revealed that a higher Mg2+ concentration (2 mM compared to 0.2
mM) resulted in a more closed conformation for the aptamer.[181]
As discussed above, the stability of the aptamer is an important factor in
determining its affinity. To investigate Mg2+ ions as a stabilizer of aptamers, we
studied the effect of ionic strength on the interaction between the anti-VEGF165
aptamer and VEGF165. The rupture force distribution of this interaction under different
Mg2+ concentration at a loading rate of ~80 nN/s is shown in Figure 3.7. As the Mg2+
concentration increased, the number of binding events observed decreased. This was
manifested in a general decreasing trend in binding percentage from 19.7 % in the
absence of Mg2+ ions to 4% at 100 mM Mg2+. However, as the concentration of Mg2+
increased, the peak of the rupture force distribution shifted to higher values, which
were 116.7±2.74 pN, 132.2±2.7 pN 131.2±5.8 pN, 138.2±6.2 pN and 146.0±19.4 pN
in buffers with 0 mM, 0.1 mM, 1 mM, 5 mM and 10 mM Mg2+, respectively. While
the effect of 100 mM Mg2+ was also investigated, however, since the binding events
were too rare (less than 4%), no significant peak can be concluded from the rupture
force distribution.
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Figure 3.7. The effect of varying Mg2+ concentration on the detected binding
percentage and rupture force of VEGF165 and anti-VEGF165 aptamer system. Mg2+
concentration was altered in the reaction buffer from 0 – 10 mM.

It is important to note that aptamers are designed to function optimally in the
buffer system in which they are selected and changing the ionic strength may impair
their molecular recognition and binding ability.[207] As mentioned above, the affinity
selections of the aptamers were performed in PBS, which is the reaction buffer in our
experiments. We hypothesize that in the absence of Mg2+ ions, the aptamers are in a
more flexible state, whereby they can adjust their structure and direction upon binding
to their targets, resulting in more frequent binding events. On the other hand, this
flexible structure also readily gives up its preferential structure under external
physical forces, which explains lower binding forces. In the presence of Mg2+, the
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aptamers assume a putative tertiary structure, which might result in reduced flexibility
to adaptively folding in response to its target, but, on the other hand, it also requires
higher energy to yield to an external force, explaining the higher binding forces but
reduced binding probabilities.[203, 204] From the force spectroscopy experiments
conducted in different Mg2+ concentration, it can be concluded that the rigidity of the
aptamer significantly affects the binding behavior of the anti-VEGF165 RNA aptamer
and VEGF165 protein. These experiments therefore show the optimization of the
interplay between the binding forces and probabilities of aptamers is required to
design better aptamer-based sensor systems and nanodevices.
Finally, it is important to note that recent bulk biophysical studies on a 25-mer
DNA aptamer to VEGF165 using fluorescence anisotropy and isothermal titration
calorimetry (ITC) also concluded that aptamer stabilization is key to molecular
recognition of the aptamer to its target.[180] A mutant aptamer with an improvement
of aptamer stability by a sequence extension at the 5′ shows a higher association rates,
and higher affinity towards its target. The force spectroscopy results showed that the
anti-VEGF165 RNA aptamers behave in a similar manner. To obtain aptamers with a
higher affinity towards their targets, a selection strategy with selection pressure of
stability may offer better results than a post selection improvement. These
experiments show the advantages of single molecule experiments as sub-population
and rare events can be uncovered. In contrast, bulk experiments provide the ensemble
averages of large populations (several million molecules) and cannot show how
certain non-specific events or certain blocking experiments affect aptamer behavior.
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3.3.6 Monitoring the aptamer/target protein binding based on AFM
nanografting
To further evaluate the feasibility of using this aptamer as biosensing
component, anti-VEGF165 aptamer nanoarrays and nanoshapes were fabricated on
Au surface to facilitate visualization of the binding between this aptamer/target
protein pair. As previously introduced, aptamers can be immobilized on gold
surfaces via thiol modification to form SAM, therefore, the binding of the target
protein to the aptamer can be reflected as a increased height of the features on the
substrate.

Figure 3.8. Schematic showing the process of nanografting.[208] (A) SAM
functionalized surface is imaged with a low force; (B) with a force greater than the
displacement threshold, the thiol terminated molecule 1 is removed at designated
area, and the second thiol molecules attached onto the exposed Au surface; (C) the
grafted area is imaged with a low force.

However, in order to clearly visualize the height difference by AFM imaging,
it is necessary to precisely locate the aptamer on the surface within nanometer
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regime. AFM nanografting is a suitable lithography technique to fabricate such
patterns on a monolayer surface.[209] The procedure is relatively simple, starting
from forming an alkanethiol functionalized monolayer surface. By applying a high
force against such a surface during the scanning step, the thiol molecules are
removed by the AFM tip, and meanwhile, the second thiol molecules contained in
the solution immediately adsorb on the freshly exposed area.(Figure 3.8)[208] This
technique was applied for the fabrication of DNA nanoarrays[208, 210] and
DNA-directed immobilization of semi-synthetic protein-DNA conjugates. [211, 212]

Figure 3.9. AFM images of the Au surface with OEG SAM modification after
nanoshaving (A) and nanografting with aptamer thiols (B). The only difference
between nanoshaving and nanografting procedures is whether the AFM tip scanned
cross the surface with the second thiol (in this case, aptamer thiol) in presence.

In this research, an inert SAM was formed on gold surface by HS-C11-(EG)3OH
(EG3) thiols to prevent nonspecific protein adhesion. An AFM probe was then scanned
across the designated area with a relatively high force (typically, above 500 pN). This
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scanning process was conducted in the solution of a thiol terminated aptamer, to
enable the aptamer grafting. Basically, this step consists of removing the original EG3
thiol molecules, exposing the underlying gold surface, which then acts as a substrate
for the attachment of thiol terminated aptamer. Figure 3.9 A shows a surface prepared
by a similar procedure as described above. This process referred to as “nanoshaving”
was conducted in a PBS buffer instead of an aptamer thiol solution to demonstrate the
process of EG3 removal.[209] In this case, a lowered feature (around 1 nm lower than
surrounding area) appeared in the designated area, indicating the success in removal
of the OEG thiol. It is important to note that the thickness of (EG3) thiol used in this
research is about 2.2 nm, which is larger than the height difference observed after the
nanoshaving procedure. It is possible that the (EG)3 thiol molecules were not
completely removed with the force applied in this case (500 pN). It was also observed
that using AFM tips with different sharpness or applying different forces to the AFM
tip, could result in variable depths of the patches (from 0.8-3.0 nm). “Nanografting” is
essentially the subsequent step where the patches created by “nanoshaving” are filled
by the secondary thiol. In the case of nanografting (Figure 3.9 B), a raised feature was
observed, with around 1-2 nm height difference comparing with the surrounding OEG
thiol, demonstrating the achievement of the aptamer grafting.
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Figure 3.10. AFM characterization of the area grafted with anti-VEGF165 aptamer
before and after immersing with VEGF165 protein solution. 3D (A, B) and 2D (C, D)
AFM images; (E, F), the cross section analyses of the patches.

After the fabrication of the aptamer pattern via AFM nanografting, 10 nM
VEGF165 solution was deposited on this surface for 2 min, followed by rinsing with
buffer to remove the unbound protein. Figure 3.10 shows the topography of the
surface grafted by anti-VEGF165 aptamer (patches patterns) before and after
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immersing into the VEGF165 solution. The height of the patches increased from 2 nm
to 5-8 nm, which demonstrated the binding the protein onto the aptamer patch due to
the aptamer recognition. Furthermore, sophisticated patterns of aptamer could be
created using this AFM nanografting technique. As shown in Figure 3.11, thiol
terminated anti-VEGF165 aptamer molecules were grafted as the letters “VCU”. This
pattern was clearly visualized after immersing in the VEGF165 solution, with an
increased height about 2 nm. It is interesting to note that the height increase in the
line shape pattern is smaller than that of the patch pattern. It is possible that in the
case of line shape pattern, the steric hindrance caused by surrounding OEG thiol to
the aptamer/protein binding is more significant due to an edge effect.

Figure 3.11. Anti-VEGF165 aptamer grafted as “VCU” showing increased height
after immersing in VEGF165 protein solution.
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3.4 Conclusions
The specific interaction of an aptamer and its target was successfully
measured by single molecule force spectroscopy via an AFM. The results of varying
binding probabilities and force distributions by different RNA ligands against the
angiogenic protein VEGF and by other control systems confirmed that binding
between the AFM probe and surface indee caused by the interaction between the
aptamer and its target. The specificity of the anti-VEGF165 aptamer was investigated
using VEGF121 as a target lacking an essential binding domain and using VEGF165
blocked by heparin. The lower frequency of binding compared with VEGF165
reflected that despite the high affinity to its preferential target-VEGF165, the
specificity of this aptamer may be impaired to some extent at the molecular level.
Dynamic force spectra reflected that the binding force between anti-VEGF165
aptamer and VEGF165 increased at a higher loading rate. By changing the
concentration of the stabilizing metal ion-Mg2+ in the binding buffer, it was observed
that a rigid tertiary structure required a higher force to unbind the aptamer/protein
complex, although the frequency of the corresponding binding events decreased.
Optimizing the interplay of these parameters - binding probabilities and affinities,
can be used in the engineering and design of more effective aptamer based devices
and diagnostic tools.
Finally, in order to develop strategies to use this aptamer as a biosensing
component, the formation of anti-VEGF165 aptamer nanoarrays was demonstrated
using an AFM nanografting technique. The binding between this aptamer/target
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protein system was successfully assessed by AFM height measurements, and showed
how aptamers immobilized in this manner could be used to feasibly detect and bind
their protein targets.

[This chapter contains results that have been previously published in the paper
“Molecular interaction studies of vascular endothelial growth factor with RNA
aptamers” in Analyst, 2010]
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CHAPTER 4

SPECIFIC DETECTION BY APTAMERS CONDUCTED AT DIFFERENT
LENGTH SCALES

4.1 Introduction
As discussed in the previous chapter, aptamers are a group of promising
bio-components for molecular recognition applications due to advantages including
ease of synthesis and modification, high stability, low immunogenicity and
availability against a wide variety of targets (proteins, inorganics and even whole
cells). The research shown in previous chapter confirmed the recognition of
aptamer-target protein at the molecular level by exploring aspects of the energy
landscape, the specificity and the conformations. Patterning of aptamers to fabricate
nanoscale arrays was also shown. Importantly, these fundamental characteristics
mentioned above, can only be obtained by the high-precision analytical tools at the
molecular scale. However, in order to create systems that can use aptamers in
various diagnostic devices, it is also necessary to investigate their kinetic behavior at
multiple length scales. A significant challenge is in trying to bridge the gap between
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these two scales – the molecular scale at the level of a few molecules and the
ensemble scale – at the level of millions of molecules.
In this chapter, work on trying to correlate this binding information across
scales is presented so that we can take advantage of all this data to optimize the
design of aptamer based tools. However, based on a review of the literature, there
has been very limited work on establishing direct correlations between the affinity
properties (ensemble level) and the rupture forces (single molecular level) to
characterize the binding of the biomolecular pair. In order to address on this problem,
different aptamer-target protein systems were investigated by ensemble level
methods along with AFM force spectroscopy at single molecule level. By comparing
the results from these two levels, the possible correlation and translation between
these two scales was discussed.
At the ensemble level, several studies on aptamer-based biosensors have been
reported including both optical methods and label free methods. The former designs
typically take advantage of the ligand-induced conformational change of aptamers.
By introducing optical reporters in the labile region of the aptamer, conformational
change upon binding to the target can be detected by the fluorescence characteristics
such as intensity and anisotropy. [35, 62, 213] In this fashion, several signaling
aptamers have been created. For example, Bai et al. reported a signaling aptamer
sensor by intercalating luminescence signal change of [Ru(phen)2(dppz)]2+ in a 37-nt
DNA aptamer against immunoglobulin E (IgE).[120] Signaling aptamers against
anticocaine [121] and platelet-derived growth factor (PDGF) [214] were also
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designed by truncating one of the stems of a three way junction and introducing a
fluorophore and a quencher at the 5′ and 3′ termini respectively. However, a loss in
binding affinity is a general problem for these label-based designs.[42] For example,
the equilibrium dissociation constant KD of a fluorescently labeled DNA -signaling
aptamer was 5 times higher than that of the original (unmodified) aptamer.[215] [216]
Another potential problem with a labeling strategy is that the optical signals might
be interfered by a variety of ligands or solvents, resulting in a false positive or high
noise background.[216]
On the other hand, label-free methods, such as surface plasmon resonance (SPR)
and quartz crystal microbalance (QCM) can minimize these problems. Besides, these
chemical-electric methods have the advantages including high sensitivities, ease of
operation, and real time measurement. In particular, QCM is much less expensive,
and much easier to operate, and has become of the leading strategies in biological
binding measurements.[58] (See Section 1.3.3 for a detailed introduction) Due to
these reasons, QCM was chosen as an ensemble level analytical method to
investigate the aptamer recognition at ensemble level.
QCM methods come with their own set of challenges. For example, to utilize a
QCM to investigate the binding kinetics of aptamers, the first step involves the
immobilization of the aptamer to the sensor (crystal) surface. Design challenges
include minimization of non-specific binding, loss of affinity and increasing the
accessibility of the aptamer. Strategies for DNA immobilization for QCM detection
of hybridization were developed several years ago in various formats including
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biotin attachment and direct adsorption.[217, 218] These were adapted to aptamers
in QCM biosensors, for example, biotin labeled anti-IgE aptamer [64, 67] and
anti-thrombin aptamer [62] immobilized on a streptavidin modified Au. However,
the methods described take multiple steps to immobilize the aptamer, which can
result in a higher risk for chemical contamination and loss of specificity of the
sensor.[219] It is therefore vital to develop methods for the attachment of aptamers
to surfaces for use in such biosensors or diagnostics that involve minimal loss in
functionality and non-specific interactions. Direct attachment of anti-thrombin
aptamers to a gold surface was earlier demonstrated using alkane thiol linkers to
form a thiol terminated aptamer SAM, SPR and ellipsometry analysis were used to
compare different co-adsorbent thiols and different aptamer linkers.[119] However,
optimizing the activity and accessibility of the aptamer for various biosensing
applications still remains unsolved.
From earlier experience and investigations at the molecular level shown in
Chapter 2 and 3, using a direct Au-S bond to attach the aptamer was found to be a
reliable strategy to address these challenges. As previously described, the thiol
chemistry allows the selection of functional groups that may be used as
co-adsorbents to form mixed monolayers with different surface properties.[115]
Inspired by the mixed SAM platform developed earlier, here, three strategies (Figure
4.1) for the direct attachment of aptamers to gold surfaces were investigated.
The first is the direct formation of an aptamer monolayer via thiol attachment
to a gold surface. The second is a two-step mixed-SAM formation: aptamer
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monolayer self-assembly, followed by backfilling of the unmodified surface with an
oligoethylene glycol (OEG) thiol. The third involves the formation of a mixed-SAM
in a single step via co-adsorption from a solution of a thiol-modified aptamer and
OEG thiol. The aptamer is modified at the 5′-end with a (CH2)6 spacer and an –SH
linker, for direct covalent immobilization to gold.
Prior to application in more useful biological systems, the well characterized
immunoglobulin E (IgE) DNA aptamer/IgE system was chosen as a model system to
evaluate and optimize the methods in an initial set of experiments. DNA is more
stable and less prone to nuclease attack experimentally compared to RNA.[220]
Consequently, instead of the RNA aptamer characterized in Chapter 3, more stable
DNA aptamer/target protein systems were chosen to investigate these strategies. To
further verify the functional viability of the surface-tethered aptamers for biophysical
analyses and protein binding, AFM based force spectroscopy of the binding pairs
was performed. Once an optimal strategy was identified, the angiogenic VEGF and
the VEGF-binding aptamer system was investigated with the strategy evaluated. The
optimization of these surface modification strategies is reported here along with
correlation between affinities and rupture forces. Furthermore, the effect of the Mg2+
on the binding between anti-VEGF RNA aptamer and VEGF protein was also
investigated at ensemble level in this chapter in order to correlate with the previous
results obtained at single molecule level.
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Figure 4.1. Schematic of different sensor configurations investigated.

4.2 Experimental section
4.2.1 Materials and instrumentation
IgE binding DNA aptamer (anti-IgE DNA) (5′- GGG GCA CGT TTATCC
GTC CCT CCT AGT GGC GTG CCC C -3′), VEGF165 binding DNA aptamer
(anti-VEGF165 DNA) (5′- CCGTCTTCCAGACAAGAGTGCAGGG -3′), and
Anti-VEGF165 RNA (anti-VEGF RNA) (5′-CCG GUA GUC GCA UGG CCC AUC
GCG CCC GG-3′) with 5' dithiol S-S modifiers and (CH2)6 spacers were custom
synthesized by Integrated DNA Technologies, Inc. (Coralville, IA). Anti-Human IgE
produced in goat was purchased from Sigma Aldrich, and recombinant VEGF165 was
obtained from Biovision, Inc. (Mountain view, CA). Since this research primarily
focused on the VEGF protein isoform with 165 amino acids, the designation “VEGF”
is used subsequently to refer to “VEGF165”.
(1-Mercaptoundec-11-yl)
(1-Mercaptoundec-11-yl)

hexaethylene

triethylene

glycol
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glycol

(HS-C11-(EG)6OH),

(HS-C11-(EG)3OH)

and

(1-mercaptohexadecanoic

acid)-N-succinimidyl

ester

(NHS-terminated

thiol),

HS-C15-COO-NHS, were purchased from Nanoscience Instruments (Phoenix, AZ).
We refer to HS-C11-(EG)6OH and HS-C11-(EG)3OH thiols as EG6 and EG3
respectively. Phosphate-buffered saline (PBS pH 7.4) (11.9 mM phosphates, 137 mM
sodium chloride and 2.7 mM potassium chloride), 1 M MgCl2 solution (molecular
biology grade) and Ethanol (200-proof) were purchased from Fisher Scientific. DEPC
treated RNase free water was used for all experiments.
QCM measurements were performed using a Q-Sense E4 system (Q-Sense AB,
Gothenburg, Sweden). Gold coated QCM crystal sensors (QSX 301) were purchased
from QSense. Gold surfaces were purchased from Agilent Technologies, Inc. (Foster
City, CA).

4.2.2 Functionalized sensor, substrate and probe preparation
Gold sensors and substrates were cleaned by UV/ozone treatment for 10 min,
rinsing with ethanol and RNase free water, followed by UV/ozone treatment for 10
min. The resulting clean surfaces were modified by different strategies (Figure 4.1).
Scheme 1: immersion in 2.5 µM solution of a thiolated aptamer (HS-C6-aptamer) in
RNase free water overnight, and rinsing with RNase free water; Scheme 2: two-step
mixed monolayer modification: immersion in a thiolated aptamer (HS-C6-aptamer)
water solution for two hours, followed by rinsing with water. Subsequent immersion
in either HS-C11-(EG)3OH or HS-C11-(EG)6OH ethanol solution overnight, and
rinsing with ethanol. Scheme 3: one-step mixed monolayer modification: immersion
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in a water solution containing both thiolated aptamer (HS-C6-aptamer) and
HS-C11-(EG)3OH overnight, then rinsing with water.
Gold coated AFM cantilevers were UV/ozone cleaned for 10 min.
Cantilevers were functionalized by self-assembled monolayers prepared as described
[118] - immersion in mixed thiol solution (HS-C11-(EG)6OH and HS-C15COO-NHS)
in ethanol for 16 hours. Surfaces were then rinsed with ethanol, and incubated in a
100 nM solution of protein (IgE or VEGF) in PBS buffer for 1 hour at room
temperature.

4.2.3 Quartz crystal microbalance measurements
The QCM sensors used are 14 mm diameter discs, optically polished quartz
crystals with Au coating (10 mm diameter) on both sides. Sensors operate at a
fundamental frequency of 4.95 MHz. Before each measurement, buffer (without any
protein) was passed through the QCM flow module for 2-4 hours to obtain a stable
baseline. All measurements were carried out under constant flow rates of 8.6 µl/min,
and at 20 °C.

4.2.4 AFM imaging of surfaces and force spectroscopy
Gold coated PPP-CONTCSAu cantilevers from Nanosensors (Neuchatel,
Switzerland), TR400 PB and TR800PSA cantilevers from Olympus (Tokyo, Japan)
were used for force measurement and imaging respectively. TR800PSA cantilevers (k
~0.15 N/m, frequency 24 kHz) was used for imaging the surfaces in noncontact
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(tapping) mode. TR400 PB cantilevers (k~0.09 N/m, frequency 24 kHz)
functionalized with the aptamer as described, were used for measurement of
interaction forces. Force-distance curves were obtained by collected and analyzed by
the same method as described in Chapter 2.

4.3 Results and discussion
4.3.1 QCM measurements to investigate binding kinetics
The QCM is based on the change in resonance frequency of the quartz crystal
sensor due to changes of its mass load. From the Sauerbrey equation, the change of
frequency, Δf, can be is linearly correlated to its mass change, Δm, (as equation (6) in
section 13.2). The sensitivity constant cf can be calculated by equation (7), from a
original resonance frequency (here, 4.95 MHz), velocity of sound in the quartz
crystal (3340 ms–1) and the quartz density (2648 kg m–3).[67] Hence, the relation
between the change of frequency, Δf, and its mass change, Δm, can be described as:

f  56.5  10 3 m / A

(8)

Issues with QCM: While the QCM is a highly sensitive detecting technique,
measurements can be significantly influenced by numerous effects, such as the
liquid‟s density and viscosity, flow rate, temperature fluctuations, environmental
noise, pressure fluctuations etc. These influences were observed frequently during
the reported experiments. Figure 4.2A is an example of QCM measurement showing
a sudden spike signal, which could be caused by several possible reasons, such as an
air bubble trapped on the sensor surface during the injection of analyte solution to
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the sensor, contamination in the analyte solution, or a pressure shock experienced by
the sensor. Figure 4.2B shows an example of baseline shift caused by adding small
amount of MgCl2 to the PBS buffer. The baseline shifts is often caused by different
viscosity and/or density of the solution, referred as “bulk property”.[221] In order to
conduct accurate measurements, it is therefore necessary to distinguish the shift
caused by the bulk property of the solution from the weight gain due to the binding
between the analyte in the solution and receptor immobilized on the sensor.
Due to these challenges, the QCM measurements were carefully designed.
Various strict criteria were set up in order to obtain reliable quantitative results: (a)
Only clean and new sensors were used. This is an important criterion because
typically QCM manufacturers indicate that sensors can be cleaned using various
protocols and reused; (b) Baselines were obtained in the same buffer used for
making analyte solution; (c) The binding between the aptamer and protein is
dependent on the analyte concentration. Typically, the QCM measurements are
conducted by observing frequency response with different sensors under different
analyte concentration. In order to minimize the system error, and accurately quantify
this concentration-dependence, instead of separate experiments, the frequency
responses with increasing analyte concentration were recorded in a sequential
fashion using the same sensor.
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Figure 4.2. Examples of frequency change during the QCM measurements which
were not caused by ligand/receptor binding. (A) Example of sensor showing a
sudden spike peak during the binding measurement. Instability measurements similar
to this were discarded. (B) Baseline shift caused by the bulk property of solution.
Specifically, the baseline shifted 0.9 Hz, and 6.3 Hz right after the injection of PBS
buffer with 10 mM and 100 mM MgCl2 added.
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4.3.1 IgE Binding to Thiolated anti-IgE Aptamer Monolayer
In the initial set of experiments, the binding of IgE to a sensor with anti-IgE
aptamers immobilized on the surface was studied (Figure 4.1, Scheme 1). Different
concentrations of the protein (IgE) were flowed over the sensor and the value of the
steady-state frequency was used to estimate the corresponding binding affinity of
IgE. In all experiments, a steady-state is defined as when the frequency change of the
signal is <0.5 Hz/hr. Based on the frequency response at different IgE concentrations,
the binding affinity between two biomolecules at equilibrium, KA was estimated. The
relationship between frequency changes and the affinity constant was derived:[60]
1 / f e  1 / f max  1 / f max K AC IgE

(9)

Where Δfe is the frequency change of crystal sensor after it reaches equilibrium, and
Δfmax represents the maximum frequency drop, which is an ideal state in which all
accessible aptamers are bound to the target. Therefore, the plot of 1/Δfe as a function
of 1/ CIgE is a straight line, and the KA is determined as the quotient of the intercept
and the slope.
This linear relationship between 1/Δfe and 1/ CIgE is supported by the
experimental observations (Figure 4.3). The affinity KA = 0.64 nM-1. In earlier
reported works, the dissociation constant KD for this aptamer and IgE was earlier
measured as 10 nM through nitrocellulose filter partitioning analysis [222] and 8.4
nM via QCM measurements.[67] KA can be calculated from these KD values as 0.10
nM-1 and 0.12 nM-1 respectively. Compared to these reported values, this sensor
shows a higher binding affinity, while maintaining a low detection limit <10nM.
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Figure 4.3. Relationship between 1/CIgE and 1/Δfe from QCM measurements on
sensors modified by thiolated aptamer SAM alone. Δfe is the frequency change of
crystal sensor after it reaches equilibrium. The plot of 1/Δfe as a function of 1/ CIgE is
a straight line, and the binding affinity KA is determined as the quotient of the
intercept and the slope of this line.

However, this immobilization strategy with direct attachment of thiolated DNA
monolayers on gold was earlier shown by hybridization studies to be
non-optimal.[119, 223] First, interactions between the Au surface and the DNA are
not exclusively through thiol groups modified at the 5′-end, but also through
nitrogen moieties within the nucleotide bases. The DNA therefore, tends to
nonspecifically bind to the gold surface, resulting in reduced accessibility of the
aptamer and a disordered orientation. Second, the repulsion between DNA chains
may result in poorer surface coverage, especially at low ionic strength buffer
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conditions.[119, 223] The resulting uneven coverage results in nonspecific
adsorption of analytes to the bare Au surface. It can therefore be expected that, for
aptamer-based protein sensors, both the nonspecific adsorption and reduced
accessibility can affect its function, and cause inaccuracy of measurement. In order
to minimize these effects, inspired by the previous established mixed SAMs surface
modification for protein attachment, a thiolated aptamer surface with passivating
thiols as co-adsorbents to fabricate stable, specific aptasensors was used.

4.3.2 IgE binding to mixed self-assembled monolayers
To form mixed self-assembled monolayers, a co-adsorbent thiol can be used
to fill the Au surface between the thiolated DNA molecules and thereby reduce
nonspecific interactions between the gold and DNA.[223, 224] Oligo-ethylene
glycol (OEG) thiols as co-adsorbents with thiol-modified aptamers were used to
form mixed SAMs for QCM based aptasensors. SAMs of OEG-terminated thiols
have been well documented as effective protein-resistant monolayers, with EG3 and
EG6 being most widely used.[169, 225] particularly, as shown in Chapters 2 and 3,
the OEG thiol shows great resistance to nonspecific interaction.
Two different strategies to form mixed SAMs were studied: 1. A two-step
method where the aptamer thiol was first immobilized on a gold surface, followed by
backfilling of the bare gold area with an OEG thiol (Figure 4.1 Scheme 2 – Sensors
A and B - backfilling with EG6 and EG3 respectively). This strategy can enhance the
utilization of the aptamer and minimize possible contamination caused by the mixing
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process. 2. A single step method using a mixture of the aptamer-thiol and OEG-thiol
in water (Figure 4.1, Scheme 3 - Sensor C) to form the SAM. Previous studies have
shown that water is also a suitable solvent for the formation of ordered mixed SAMs
of ssDNA and OEG on Au surface.[224] This strategy allows control of the aptamer
coverage on the surface by simply changing the molar ratio of the two thiols in
solution. In contrast to using ethanol as a solvent to form these monolayers, the use
of water was considered a significant advantage because it also allows subsequent
adsorption of proteins without the need for any solvent exchange or fear of
denaturation. Control sensors (containing no sensing aptamer) modified by EG3 or
EG6 alone were used to determine the extent of non-specific adsorption to the sensor
surfaces.
Typical QCM curves obtained are shown in Figure 4.4. Binding affinities
were analyzed based on the changes in frequency observed (Figure 4.4 insets). KA
values for sensors A, B and C are calculated as 0.065 nM-1, 0.029 nM-1 and 0.042
nM-1 respectively. Compared to the KA values analyzed by the sensor modified by
aptamer thiol alone (Scheme 1), these results are consistent with that measured by
previous studies (KA=0.10 nM-1). Sensor A shows the highest IgE affinity but a low
frequency response at each IgE concentration. Sensors B and C were modified with
mixed SAMs of aptamer and EG3, by Scheme 2 and 3 respectively. While the KA
values are similar, Sensor C shows a reduced frequency response at each IgE
concentration, although the concentration of aptamer in the thiol solution is 100
times the aptamer concentration for Sensor B. In all sensors, low concentrations <
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10nM of the IgE can be reliably detected, showing that this strategy is useful to
create sensitive sensors with reduced non-specificity. Figure 4.5 A and B show AFM
images of sensors before and after QCM experiments respectively. Figure 4.5 B
shows coverage of the surface with IgE, bound to the immobilized aptamer.

Figure 4.4. QCM frequency response to IgE for each modification strategy. Sensor
A: two-step modification, aptamer 0.25 µM, EG6 1 mM; Sensor B: two-step
modification, aptamer 0.25 µM, EG3 1 mM; Sensor C: one-step modification, 25 µM,
EG3 1 mM; Insets - KA estimated from 1/Δfe as a function of 1/CIgE for each sensor.
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Figure 4.5. AFM image of the gold surface of QCM sensor modified with a mixed
thiol SAMs modification by scheme 2 (sensor B), which were conducted before (A)
and after (B) QCM experiments.

The frequency drop of sensors at equilibrium at a flow of 20 nM IgE is
shown in Figure 4.6 (other concentrations exhibited similar values – data not shown),
where the frequency drop is directly correlated to the amount of bound protein. As
expected, sensors modified by OEG thiols alone have a much smaller frequency drop
compared with those modified with aptamer thiol SAMs. While longer chain EG6
has been shown to exhibit a better resistance to protein adsorption than EG3.[169] In
these experiments, the Sensor A with immobilized aptamer thiol and EG6 thiol does
not show significant response compared to EG6 thiol alone. With the EG3 thiol as
co-adsorbent, the sensor modified by the aptamer and EG3 thiol (sensor B) has
significantly increased response toward IgE (Figure 4.6). This is likely because the
aptamer surrounded by the longer chain EG6 may result in poorer accessibility of the
aptamer. On the contrary, the shorter chain EG3 thiol has considerably less impact on
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the accessibility of aptamer, making it a better choice for sensor fabrication.

Figure 4.6. QCM frequency response to 20 nM IgE for each modification strategy of
control sensors modified by 1mM EG6 or EG3 thiol alone and sensors modified by
both aptamer thiol and OEG thiol (sensor A, B and C). Sensor A: two-step
modification, aptamer 0.25 µM, EG6 1 mM; Sensor B: two-step modification,
aptamer 0.25 µM, EG3 1 mM; Sensor C: one-step modification, 25 µM, EG3 1 mM.
The value Δfe is the average value of three individual normalized frequency changes
obtained from multiple overtones.

4.3.3 AFM force spectroscopy of IgE/Anti-IgE aptamer system on mixed SAMs
By QCM measurements, different strategies display different abilities to
resist nonspecific adsorption. All of the strategies used above showed a better
binding to IgE (measured by the absolute value of the frequency change) than a
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surface with just the immobilized aptamer. However, sensors functionalized in
different conditions showed different affinity towards IgE (measured by the value of
the determined KA) (Figure 4.5). One underlying reason for this could be due to the
difference in the biological activity of the aptamer caused by different
immobilization strategies. Another reason could be due to the differences in
accessibility of aptamer caused by different length of OEG thiol, or surface thiol
coverage.
To uncover the reason for these different affinities, molecular force
spectroscopy using AFM was applied to study the rupture forces between IgE and
the immobilized aptamer in each sensor. The biophysical differences of aptamer
immobilized by different strategies could therefore be observed through force
spectroscopy as described in previous chapters.
Rupture forces were measured and analyzed on the surfaces modified,
corresponding to the Sensors A, B and C, respectively. As shown in Figure 4.7,
similar rupture force distributions were obtained from all three sensors, at 64.1±0.9
pN, 64.0±2.9 pN and 61.7±0.7 pN. However, the frequency of binding events is
different, especially for Scheme 3 (Sensor C) where the percentage of total binding
events is 3.2%, which is much lower than 27.5% (Sensor B) and 16.7% (Sensor A)
for two-step modification strategies. This result is consistent with the low frequency
response of QCM sensors modified by an identical strategy. It appears that in the
presence of a mixture of OEG and aptamer thiol, the surface coverage of the aptamer
is significantly lower. For two-step modifications, aptamer/EG3 surface (Sensor B)
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has a higher percentage of total binding events compared to aptamer/EG6 (Sensor A).
This could be explained by considering the better accessibility of aptamer towards
IgE because of the shorter chain of EG3 compared with EG6.

Figure 4.7. Force distribution of IgE immobilized tip towards different mixed SAM
surfaces. Gaussians represent force peaks of 64.1±0.9 pN, 64.0±2.9 pN and 61.7±0.7
pN for sensors A, B and C respectively.

4.3.4 Aptamer surface density, accessibility and affinity towards its target
The rupture forces from all surfaces obtained via force spectroscopy were found
to be at 60-65 pN. This implies that, at the molecular level, the immobilized
aptamers retained their similar biophysical characteristics and structure, even though
they had been attached via different strategies. It was therefore hypothesized that the
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different affinity values from QCM experiments are likely caused by the interactions
and aptamer accessibility due to the surrounding OEG thiols. The length, the density
and the regularity of the OEG thiol coverage depends on the type of thiols and also
on the immobilization process. These factors determine the ability of the surface to
resist nonspecific adsorption of IgE and affect the accessibility of the aptamer
towards its target. The theoretical thickness of monolayers formed by EG3 and EG6
thiols are 22.4 Å and 30.8 Å respectively.[150] The co-adsorbent thiol can reduce the
nonspecific adhesion between DNA and gold surface, while improving the
orientation of aptamer. Compared to the EG6 thiol, the EG3 thiol is shorter, allowing
most of the stem structure to be exposed resulting in a better binding to the protein
target. It has also been demonstrated earlier that OEG thiols have the ability to
stabilize and control the orientation of DNA on a surface[224], further increasing the
utility of this strategy.
Although the 1:40 molar ratio of aptamer : OEG used to prepare Sensor C is
100 times higher than that used in Sensor B, the total binding was estimated to be
80.9 ng, which is 56 % of that in Sensor B. This implies that the surface coverage of
the aptamer immobilized in this one-step modification procedure is dilute compared
to Sensor B. The calculated KA of the aptamers by these two methods are almost
similar, although Sensor C shows a slightly higher affinity than Sensor B. This
difference is likely due to a better separation of the aptamer on the surface, resulting
in easier adaptive binding towards the protein target. Suitable optimization of the
molar ratios of the aptamer and OEG can therefore be used to increase both the
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binding and affinity of the immobilized aptamer.

Table 4.1. Summary of the AFM and QCM results of anti-IgE aptamer and IgE
system by different modification strategy
sensor

modification

Aptamer Conc.

OEG

KA(nM-1)

Rupture force (pN)

A

Two-step

0.25 µM

EG6

0.058±0.009

64.1±0.9

B

Two-step

0.25 µM

EG3

0.030±0.002

64.0±2.9

C

One-step

25 µM

EG3

0.041±0.003

61.7±0.7

4.3.5 Comparison with VEGF Binding to mixed SAMs of thiolated Anti-VEGF
DNA aptamer and OEG thiol
Based on these results, the optimal thiol strategy could be adapted from the
model system to the system of interest - the angiogenic protein vascular endothelial
growth factor (VEGF). Because DNA aptamers against IgE were used as the model
system described in the previous section, the experiments focused on DNA aptamers
instead of the RNA aptamers as had been studied in Chapter 3. Instead of the
anti-VEGF RNA aptamer characterized in Chapter 3, an anti-VEGF DNA aptamer
selected against VEGF was used as a comparison to the IgE/IgE DNA aptamer
system.[180] In these experiments, the QCM measurements were conducted with the
sensor modified with an anti-VEGF DNA aptamer and EG3 thiol by incubating with
0.25 µM aptamer followed by 1 mM EG3 (Scheme 2). The rupture force between the
aptamer and target (VEGF) was measured on the same surface using a VEGF
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functionalized AFM cantilever (Figure 4.8, inset B). From the frequency response of
the QCM experiment (Figure 4.8), the KA= 0.043 nM-1. This value is higher than the
KA of 0.029 nM-1 for the IgE aptamer/IgE system by the same modification. The KA
is close to the reported value of the affinity constant (0.092 nM-1) obtained earlier for
the DNA aptamer using SPR.[180]

Figure 4.8. QCM frequency response of sensor to varying concentrations of VEGF.
Inset A - KA estimated from 1/Δfe as a function of 1/CIgE; Inset B - AFM rupture force
distribution of VEGF and anti-VEGF aptamer on Sensor B for IgE/anti-IgE system.

As measured earlier, the unbinding/rupture force for an antigen/antibody pair
can be determined from the free enthalpy ΔH and the effective range of the potential
112

d, given by F = ΔH/d. For a KA between 102 and 1010 M-1, the rupture force is
therefore estimated to be between 35 and 165 pN.[226] In these experiments, the KA
~ 3 x 107 M-1, and rupture force ~65 pN for the IgE system and 4 x 107 M-1, and
rupture force ~95 pN for the VEGF system, showing that the aptamer/protein pairs
behave in a similar and consistent fashion. This was consistent to that observed
earlier by force spectroscopy of the IgE aptamer/IgE.[49]
It is interesting to note that the higher affinity of the VEGF pair is also
accompanied by a much larger rupture force for this system, compared with the
values analyzed from the IgE system under identical experimental conditions. As
mentioned above, bridging the gap between the two scales (ensemble and
single-molecule scales) is the challenge to correlate the information obtained from
these two scales. The rupture force analysis from the force spectroscopy describes
the dissociation process under an external force, where it is far from equilibrium
kinetics. On the other hand, the binding affinity is an averaging property describes
the reactions that proceed at equilibrium.
Evans and Ritchie had established a model based on the binding of biotin and
streptavidin, which described the thermodynamic process of unbinding kinetics at
single molecule level by calculating the free energy of the reaction from the applied
external force. Based on this model, the dissociation rate can be extracted from
single molecule force measurements.[102] Both the affinity (ensemble level) and
rupture force (molecular level) describes how strong the binding between the
biomolecular pair. However, there have been no direct correlations established
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between the affinity property and the rupture force. Although, extensive experiments
are required to draw firm conclusions, based on a survey of the literature, this is the
first study showing the possible correlation to bridge the gap between the two scales.

4.3.6 Effect of Mg2+ on the binding at ensemble scale using QCM
As one of the central themes of this dissertation, the information provided from
the single molecule level is of great importance in trying to understand (and
eventually engineer) the fundamental biophysical properties of the binding
biomolecular pairs. As has been investigated in the previous chapter, divalent cations
such as Mg2+ play a vital role as structural stabilizers for functional nucleic acid
aptamers. With higher concentrations of Mg2+, aptamers are more rigid, which
require higher rupture force to separate the aptamer-protein pair. The question
therefore is whether this information can be used to tune the ensemble level
interactions of the aptamer and protein as measured using QCM.
Here, the effect of Mg2+ on the anti-VEGF RNA and VEGF pair was evaluated,
and the affinity and kinetics analysis were carried out. It has been reported that RNA
ligands to VEGF exhibit biphasic binding to the protein and the RNA is
hypothesized to be partitioned between two components.[227] Based on this model,
the equilibrium dissociation constant KD of these two conformers of the anti-VEGF
RNA aptamer were reported as 0.42±0.04 nM (conformer 1) and 182±94 nM
(conformer 2), with a molar fraction of conformer 1 as 0.76.[187] Since conformer 1
shows over 400 times higher affinity toward VEGF than conformer 2, and is the
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majority of the two-conformer mixture, an approximation, assuming only one
component exists instead of two, was made to simplify the kinetic analysis.
The binding reaction between anti-VEGF RNA aptamer and VEGF protein was
described in a manner of ligand and receptor binding in this study. Typically, in
biomolecular interactions in solution, ligands and receptors reversibly form
ligand–receptor complexes. In the QCM measurements, aptamers were immobilized
on the sensor surface, and the percentage of ligands bound to receptors present on
the surface (θt) is a function of time of the ligand solution injection as shown in
Equation (9): [228-230]

 t   e (1  e 1(1 /  )t )

(9)

where τ is a relaxation time and θe is an equilibrium percentage of bound ligands at
the certain ligands concentration. The relaxation time (τ) is related to the ligand
concentration injected, which is described by Equation (10):

 1  k 1[ligand ]  k 1

(10)

where k+1 and k−1 represent the association rate constant and the dissociation rate
constant, respectively. The mass gain of the sensor during the QCM experiment is
proportionally related to the percentage of bound ligands. As a result, the mass gain
at a given time (mt) and the mass gain at equilibrium (me) can be described as in
Equation (11):
mt  me (1  e (1 /  )t )

(11)

As previously introduced, the mass change of the quartz crystal sensor is reflected
by the frequency shift (Δf), thus:
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f t
 (1  e (1 /  )t )
f e

(12)

where Δft and Δfe represent the frequency change of crystal sensor at a given time t
and after it reaches equilibrium, respectively.
QCM measurements were carried out under different Mg2+ concentrations in a
similar manner to the previously described experiments, using the optimal sensor
fabrication strategy investigated above (two-step modification, back filling with
EG3). The curves showed in Figure 4.9 are the normalized frequency response
(Δft/Δfe) to 5 nM VEGF recorded as a function of time at different Mg2+
concentrations, ranging from 0 to 10 mM. By fitting Equation (12) to these data, a
relaxation time (τ) could be obtained for each condition.

Figure 4.9. Normalized frequency response (Δft/Δfe) as a function of time with
different Mg2+ in presence. These normalized curves were used to fit Equation (12).
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The total frequency responses to different VEGF concentration after the reaction
reached equilibrium (Δfe) are summarized in Table 4.2. Based on Equation (9), the
equilibrium constant KA was analyzed in the presence of different concentrations of
Mg2+. Furthermore, the association and dissociation rate constant k+1 and k-1 were
obtained by Equations (7) and (10). Figure 4.10 shows the impact of the Mg2+ on the
KA and k-1 analyzed from QCM measurements. It can be concluded that in the
presence of higher Mg2+ concentrations, the affinity between anti-VEGF RNA
aptamer and VEGF protein increased more than 3 times, from 0.029 nM-1 at 0 mM
Mg2+ to 0.105 nM-1 at 10 mM Mg2+. However, the dissociation rate decreased from
3.18×10-4 s-1 to 1.50×10-4 s-1.

Table 4.2. The equilibrium frequency response (∆fe) of anti-VEGF RNA aptamer
functionalized sensor corresponding to different VEGF concentration under different
Mg2+ concentration
∆fe
KA(nM-1)

Mg Conc. (mM)
5 nM VEGF

10 nM VEGF

20 nM VEGF

0

3.47

4.69

9.36

0.030

1

2.17

9.24

14.53

0.016

5

3.33

7.99

NA

0.028

10

4.00

5.92

7.92

0.105
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Figure 4.10. Analysis based on QCM measurements showing the effect of Mg2+ on
the affinity and kinetics of the binding between anti-VEGF RNA aptamer and VEGF
protein using QCM

The effect of the Mg2+, which acts as structural stabilizer of aptamer was
investigated at the molecular level in Chapter 3. It was concluded the rigidity of the
aptamer conformation significantly affects the binding at this level. The work shown
in this chapter, indicated the effect of Mg2+ on the aptamer/protein binding is also
manifested at ensemble level. Specifically, with higher Mg2+ in presence, the binding
between this aptamer and target protein is stronger, which is reflected as a higher
rupture force and a higher affinity (larger KA). Furthermore, the kinetic property of
this reaction was also influenced by this conformational factor, manifested as a
slower dissociation rate (smaller k-1). In previous chapter, it was hypothesized that
with a more rigid structure, aptamers are less likely to adaptively adjust their
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structure in response to the target. This hypothesis can also explain the fact that it
took a longer time to reach equilibrium in presence of higher concentration of Mg2+
(Figure 4.9). These results demonstrate how the biophysical properties obtained from
single-molecule experiments can be translated to ensemble level, and can be used to
guide the ensemble level sensing techniques.

4.4 Conclusion
Different modification strategies for immobilizing thiol-modified aptamers
directly on gold surfaces were studied using QCM and AFM force spectroscopy.
Mixed SAMs with aptamer and OEG thiols as co-adsorbents improved the sensing
performance of the sensors by imparting a resistance to nonspecific protein
adsorption. Using the optimal modification strategy from these experiments, the
sensors showed a high sensitivity and dynamic range. While the EG6 thiol has better
resistance to nonspecific protein adsorption compared to the EG3 thiol, the longer
length of the alkyl chain results in a reduced accessibility of the aptamer. In the
different systems, similar rupture forces were required to unbind aptamer and protein
and the relationship between the force and the affinity constant were consistent with
energy calculations shown for antigen-antibody binding. These simple and versatile
strategies can be used in aptamer platforms for ultrasensitive analyte detection with
minimal non-specific binding.
Furthermore, based on the fabrication strategy established above, the
experimental results of aptamer/protein systems obtained from single-molecule level
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and ensemble level were correlated. The system required higher rupture force but
also showed a correspondingly higher affinity. The environment-induced (Mg2+)
conformational property of the aptamer obtained from single molecule level analysis
significantly affected the binding behavior at the ensemble level, manifested in
different affinities and binding kinetics. These results can help to bridge the gap
between the two sensing scales, and further enable the design of aptamer-based
biosensors and biodiagnostic devices.

[This chapter contains results that have been previously published in the paper
“Surface immobilization of DNA aptamers for biosensing and protein interaction
analysis” in Biosensors and Bioelectronics, 2011]
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CHAPTER 5

APTAMER-TAGGED FUNCTIONAL DNA NANOSTRUCTURES FOR
MOLECULAR RECOGNITION

5.1 Introduction
In the previous chapters the biomolecular recognition function of aptamers
were investigated at multiple length scales using different model systems and
different techniques. These studies uncovered unique properties of aptamers
including their flexible adaptive binding and specificity. All these experiments were
conducted in systems where the aptamer was tethered to a surface by means of a
linker at one end. However, a fundamental question that could be asked is on how it
may be possible to further adapt these unique reagents to advanced high-throughput
applications that may not require any surface attachment and still can take advantage
of their unique properties. One approach is to organize aptamers into programmable
nanoconstructs. The chemical nature of aptamers as nucleic acids, allows us to take
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advantage of their intrinsic programmability, and various reported DNA/RNA
structural motifs to fabricate aptamer functionalized nanostructures. In this chapter,
different aptamer-functionalized DNA nanostructures are reported. The fabrication
and the functionality of these aptamer functionalized nanostructures are discussed.
These can further facilitate the development of molecular nanosensors, nanoscale
catalysts for reactions, or delivery systems.
As been introduced in Chapter 1, DNA is an attractive natural material for
fabricating diverse nanoshapes and nanostructures because of unique and precise
hybridization.[231, 232] Pioneering works on DNA nano-architectures have resulted
in strategies such as complementary end cohesion and branched junctions to
fabricate precise geometries, periodic lattices, and nanoscale shapes and patterns in
all three dimensions.[134] Structural motifs such as hairpins, junctions and loops
function as modular units that can be assembled and modeled to construct
well-defined and designed architectures from a vast set of synthesized or modified
sequences.[125, 233] Over the past few years, a number of works have demonstrated
a variety of geometric shapes including DNA cubes, knots and supramolecular
polyhedra.[234] These shapes have been proposed for applications ranging from
enabling spatially periodic networks and nanoarrays and as molecular cages for drug
delivery to DNA-based computation. [235]
Typically, engineered DNA and RNA designs have been either tile-based
designs assembled from chemically synthesized oligonucleotides, [125, 129] or
origami designs that employ a scaffold strand and synthetic staple strands.[134, 135]
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The former utilize networked architectures to fabricate contiguous lattices and
self-assembled protein arrays.[125, 128, 129, 236] The latter, referred to as “DNA
origami”, fold long, single-stranded DNA into 2 and 3D shapes.[134, 237] Some
challenges in translating these DNA and RNA nanoarchitectures to applications lie in
developing facile synthesis strategies and enabling function in addition to unique
geometry. One route is to take advantage of the programmable construction and ease
of modification in nanodesign using nucleic acids, which allow attachment or
synthesis of motifs and groups to predefined nanostructures to add functionality.
DNA nanoarrays with attached aptamers have been demonstrated to organize
proteins and form addressable architectures.[236, 238] While arrays and lattices of
varying complexity have wide applications in protein positioning including
aptamer-directed assembly or as „nanobreadboards‟,[134] they are limited to
applications in situ on controlled substrates. The assemblies are primarily treated
as scaffolds and functionality is restricted to the site of formation with limited
portability, as separation from the continuous scaffold may result in a loss in
biological function. Fabricating portable architectures that can be used away from
the production site could potentially address this challenge. Along these lines,
hexagonal self-assembling RNA nanorings based on RNAI/Iii kissing complexes
were described with potential as delivery vehicles for siRNA.[239] DNA polyhedra
with chemical modification of the backbone with phosphorothiolate and with short
hairpin „spikes‟ on their exterior surfaces to act as docking sites for guest objects
have been reported.[240, 241] DNA origami designs, that tend to be computationally
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intensive are only recently being used as functional devices.[242] Another challenge
involves the fabrication of biologically functional architectures. While a number of
structures have been visualized in air, it is additionally necessary to ensure that they
are capable of performance in an aqueous environment. Herein, in this work, a
strategy that moves away from linking together tiles to larger supramolecular
assemblies and instead exploits the individual units themselves as unique
shaped-defined functional nanoarchitectures in aqueous environments.
In this chapter, utilizing the recognition function of aptamer, a strategy to
construct large numbers of precisely formed, discrete 2D DNA shapes for molecular
recognition is reported. The DNA was used both for construction of nanoshapes and
as the recognition agent via DNA aptamers. It was demonstrated the coupling of two
different aptamers to predefined DNA nanostructures in the shapes of an ′X′ and ′Y′.
Each shape is engineered to contain a core, assembled from single strands of
designed sequences, with receptor-binding aptamers arms (Figure 5.1). These
functional and stable nanostructures are easily fabricated, are stable in aqueous
environments. They can be produced in large numbers to a variety of different
shapes, and can be used to recognize specific protein targets. Multiple shapes with
different targets can be mixed together enabling multiplexing on the same platform.
This strategy can therefore be adapted to form a variety of different DNA shapes as
functional nanoparticles for applications including biosensing and therapeutic
delivery.
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Figure 5.1. Schematic of the aptamer-functionalized DNA nanostructure, and the
DNA/protein complex

5.2 Experimental section
5.2.1 Materials
DNA strands for assembly and aptamer were custom synthesized by Integrated
DNA Technologies, Inc. (Coralville, IA). Vascular endothelial growth factor (VEGF)
and thrombin were purchased from Biovision, Inc. (Mountain View, CA) and Abcam,
Inc. (Cambridge, MA). Tris/acetic acid/EDTA buffer, Tris/boric acid/EDTA buffer,
PBS buffer, Tris-HCl (pH 7.4), and Mg(AcO)2 and Ethanol (200-proof) were
purchased from Fisher Scientific. DEPC treated RNase free water was used for all
experiments.
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5.2.2 DNA structural and sequence design
Sequence design of the 3-point and 4-point DNA nanostructure core (without
aptamer) was adapted from a previous design reported by Sun et al.[243] Sequences
were modified to ensure that two different structures do not hybridize or connect.
The secondary structure of DNA complex was verified using the software NUPACK
(Nucleic Acid Package).[244] Each DNA nanostructure was assembled from three
different strands, including one center strand (C3 or C4) and a pair of side strands
(S1/S2 pair or S1b/S2b pair) as shown in Figure 5.2 A, E. Functionalized DNA
nanostructures with aptamers were assembled using side strands with the extension
of DNA aptamer sequences and 2Ts as a linker at the 3′-end. For example, S2Va
contains the S2 strand sequence and the extension of anti-VEGF aptamer at 3′-end;
S2bTa comprise the S2b strand sequence and anti-thrombin aptamer sequences [245],
respectively (Figure 5.2 A, E).
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Table 5.1. Sequences used to construct the 3-point and 4-point star DNA
nanostructures used in this study. The letters C and S are used to represent the center
and side strand, respectively. Aptamers are coupled to the side strands by means of a
TT linker (green). Red letters denote the sequences of the aptamers used in this study
(DNA aptamer to VEGF (Va) and DNA aptamer to thrombin (Ta))

Strand

Sequence

C3

5′-AGG CAC CAT CGT AGG TTT TCT TGC CAG GCA CCA TCG
TAG GTT TTC TTG CCA GGC ACC ATC GTA GGT TTT CTT GCC-3′

3-point star

S1

5′-ACT ATG CAA CCT GCC TGG CAA GCC TAC GAT GGA CAC
GGT AAC G-3′

S2

5′-CGT TAC CGT GTG GTT GCA TAG T-3′

S2Va

5′-CGT TAC CGT GTG GTT GCA TAG TTT CCG TCT TCC AGA
CAA GAG TGC AGG G-3′

S2Ta

5′-CGT TAC CGT GTG GTT GCA TAG T TTA GTC CGT GGT AGG
GCA GGT TGG GGT GAC T-3′

C4

5′-AGG CAC CAT CGT AGG TTT TCT TGC CAG GCA CCA TCG
TAG GTT TTC TTG CCA GGC ACC ATC GTA GGT TTT CTT GCC

4-point star

AGG CAC CAT CGT AGG TTT TCT TGC C-3′
S1b

5′-GAC TGA GCC CTG CCT GGC AAG CCT ACG ATG GAC TAC
TCA TCC-3′

S2b

5′-GGA TGA GTA GTG GGC TCA GTC-3′

S2bTa

5′-GGA TGA GTA GTG GGC TCA GTC TTA GTC CGT GGT AGG
GCA GGT TGG GGT GAC T-3′
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Table 5.2. Sequences used to construct the “square”, “triangle” and “diamond” DNA
nanostructure used in this study, which is adapted from the design reported by Jaeger
et al. [132] Letters in blue are the sticky end used for aptamer attachment. Anti-IgE
aptamer (Ia) sequence (letter in red) is extended with sticky end 1‟ (complimentary
to sticky 1, letters in blue)

strand

Sequence

A + stick 5′-GGGAAAGCCTGGATGAAGTGGACACGTCCAGGCAAG
end 1

TCTCGTAGAAGGAGGCACTACGAGGCAAGCATCC-3′

B

5′-GGGAAAGCCTGGATGAAGTCCACACGTCCAGGCAAG

square

TCTCGTAGAAGCCTGCACTACGAGGCACT-3′
C + stick 5′-GGGAAAGCCTGGATGAAGCGAGCACGTCCAGGCAAG
end 1

TCTCGTAGAAGCAGGCACTACGAGGCAAGCATCC-3′

D

5′GGGAAAGCCTGGATGAAGCTCGCACGTCCAGGCAAGT
CTCGTAGAAGCCTCCACTACGAGGCACT-3′

Ia + 1‟

5′-GGATGC GGG GCA CGT TTATCC GTC CCT CCT

triangle

AGT GGC GTG CCC C-3′
A + stick 5′-GGGCTAACGCAGACCGATGAAGTGGACACGTCGGTCT
end 1
GCGGACAGCCGTGCATTGAAGCAGGCACGATGCACGGC
TGCCCGCATCC -3′
B

5′-CGGACATGGTGAAGTCCACACGCCATGTCCGCGAACG

diamond

TGAAGCCTGCACGCGTTCG-3′
A + stick 5′-GGGCTAACGCAGACCGATGAAGGAGGCACGTCGGTC
end 1
TGCGGACAGCCGTGCATTGAAGCCTCCACGATGCACGG
CTGCCCGCATCC-3′

128

5.2.3 DNA self-assembly formation
DNA assembly formation was performed using different protocols described
earlier.[132, 139] The assembling protocol was further optimized. 10 µM center
strand and two side strands were mixed in a DNA assembling buffer (40 mM Tris base,
pH 8.0, 40 mM acetic acid, 1 mM EDTA, and 15 mM Mg(Ac)2) in a molar ratio of
1:3:3 or 1:4:4 for the 3-point star or 4-point star assembly, respectively. In the case of
square DNA assembly, an equal amount of the DNA strands were mixed in Tris-borate
pH 8.2 (TB) with 0.2 mM Mg(OAc) , 15 mM KCl buffer. The mixture was heated at
2

95 ºC for 5 minutes, and then slowly cooled down to 20 ºC in 48 hours to allow
self-assembly of the DNA sequences.

5.2.4 Native polyacrylamide gel electrophoresis (PAGE)
Non-denaturing 10 % polyacrylamide gels containing TBE buffer were typically
pre-run in running buffer (TBE buffer + 2 mM Mg(OAc)2) for 30 minutes, and then
run at 90V or 2 hrs 2 mM after the sample were loaded. After electrophoresis, the gels
were stained with SYBR green and exposure to UV light for documentation.

5.2.5 Electrophoretic mobility shift assay (EMSA)
EMSA analysis was carried out monitor the formation of the DNA/protein
complexes. In principle, due to the larger size of the complex compared with free
DNA, the band of the complex should migrate much slower than that of free DNA.
Various concentrations of protein were mixed with 4 µL, 0.1 µM DNA assembly in
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Tris/HCl, pH 8.0 buffer, and incubated for 20 min at 20oC. Samples were loaded onto
4-20% gradient or 10% native PAGE in TBE buffer. The gels were run at 120 V for
90 min. After electrophoresis, the DNA was stained with SYBR green stain for 20
min.

5.2.6 Atomic force microscopy imaging
Aminopropyl-mica (AP-mica) with a net positive surface charge was used to
immobilize negatively charged DNA assembly. Freshly cleaved mica was incubated
in the vapor of 3-aminopropyltriethoxysilane (APTES) in a vacuumed desiccator for
2 hours.[246] 10 μl of solution containing 3 nM DNA assemblies in assembling
buffer was deposited onto AP-mica for two minutes right after the AP-modification
procedure, and then rinsed with assembly buffer. The DNA assembly/protein
complexes were prepared as described in the EMSA experiment, and diluted 20
times before deposition. Imaging was performed under a liquid environment in
non-contact mode by an Asylum MFP-3D atomic force microscope (AFM, Asylum
Research, Santa Barbara, CA). Super sharp CSG cantilevers from NT-MDT
(Moscow, Russia) and SNL cantilevers from Bruker (Camarillo, CA) were used for
AFM imaging with nominal radii of curvature ~ 5 nm were used for imaging these
small features at a high resolution.
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5.3 Results and discussion
5.3.1 3-point and 4-point star DNA nanostructures design and assembly
Periodic DNA nanoarrays with attached aptamers have been shown to direct
protein organization and form addressable architectures.[236, 238] However, the
structural rigidity and charge of the DNA arrays can influence aptamer function.[236]
These connected or contiguous DNA architectures often involve complex fabrication
strategies or must be formed at the application site. One approach that moves away
from this paradigm is to form discrete, portable DNA shapes in 2 or 3 dimensions.
Individual, square-shaped RNA structural motifs were reported in elegant works, but
were used in turn as tiles to form larger assemblies.[132, 247] DNA origami can
form discrete shapes but these often require complex assembly strategies. Aptamer
conjugated DNA icosahedra were recently reported as nanocarriers for the anticancer
drug doxorubicin.[248] The hierarchical self-assembly of DNA into supramolecular
polyhedra was reported as a one-pot synthesis via the control of flexibility and
concentration of basic DNA tiles.[234] However, to the best of my knowledge,
functional discrete nanostructures have not been reported. Here nanostructures that
exhibit high stability and distinguishing conformations are reported, with
programmable and functional modification that allows them to recognize and bind
specific protein targets. Utilizing single-step assembly, we outline unconnected DNA
nanostructures as a facile and versatile method to attach a variety of molecular
recognition agents to basic core „shapes‟. These can utilize the unique binding
capabilities of aptamers while rendering new applications in targeted recognition.
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Figure 5.2. DNA assembly schematics and characterization. Aptamers are
represented by the colored spheres. (A) 3-PSVa assembly. (B) Native PAGE
analysis for 3-PSVa. DNA strands and the molar ratio are indicated above the gel.
(C) AFM images for the 3-PSVa in solution (Scale bar = 25 nm); 3D image of single
3-PSVa. (D) 4-PSTa assembly. (E) Native PAGE analysis of 4-PSTa. DNA strands
and the molar ratio are indicated above the gel. (F) AFM images for the 4-PSTa in
solution (Scale bar = 25 nm); 3D image of single 4-PSTa.

To demonstrate this, we show the formation of two basic shapes (“X” – 4 point
star (4-PS) and a “Y” – 3 point star (3-PS)) functionalized with two different
aptamers. The target proteins in this study are thrombin and vascular endothelial
growth factor (VEGF). Design sequences for the DNA nanostructures reported in
this work – assembly to a 3-point star (3-PS) and 4-point star (4-PS) (Figure 5.2)
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were modified and adapted from previously reported core sequences. [128, 249]
Similar sequences have been well characterized and utilized as DNA tiles that can
assemble into hierarchical nanoarrays [128, 139, 249] or polyhedra.[234] In a one
step process, 3-PS and 4-PS DNA nanostructures were annealed from one center
strand and two side strands, in the ratio of 1:3:3 or 1:4:4 respectively (Figure 5.2A,
D). To form unconnected DNA shapes, the so-called “sticky ends” in each side
strand were deleted. This prevents the assembly or connection of individual tiles into
an array and provides greater flexibility in designing different shapes.
Another design modification is introduction of functionality via the attachment
of different molecular recognition aptamers to the core shape. There are two possible
approaches to modify such architectures with aptamers – post-modification after the
construction of the DNA assembly and pre-modification, where the aptamer
sequences are attached to the outsides of the DNA architectures.[248] The strategy
used in this work follows the latter, achieved by encoding the aptamer sequence with
2Ts as linkers at the 3′ end of the side 2 strand. Thus each DNA nanostructure is
created with pendant ligand-binding aptamers. It is necessary to ensure that the
modification of the aptamer sequence does not interfere with the folding of the
aptamer. The secondary structure of this side 2 strand with the aptamer sequence
extension as well as the hybridization between this strand with center strand and side
strand 1 is predicted by NUPACK. The extended aptamer can maintain its free state
by not hybridizing with the core assembly. It is important to note that due to the large
section of complimentary sequences between the strands, this basic core DNA
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nanostructure is a robust design, which facilitates the flexibility of applying these
designs to the aptamer systems.
Post-assembly,

the

DNA

nanostructures

were

monitored

by

native

polyacrylamide gel electrophoresis analysis (Figure 5.2 B, E). The lanes loaded with
assemblies without aptamer functionalization are in good agreement with previous
reports. [235, 249] The last lanes of both of the gels are the assemblies with aptamer
functionalization, which are 3-PS extended with anti-VEGF aptamer, (hereby
referred to as 3-PSVa) and 4-PS extended with anti-thrombin aptamer (4-PSTa).
These migrate slower than those without aptamer extension, suggesting the success
of the aptamer modification of the DNA nanostructures.

5.3.2 AFM characterization of the 3-point and 4-point Star DNA Nanostructures
Due to the small size of the DNA nanostructures (typically less than 20 nm, with
branches less than 5 nm), the visualization of their detailed features is extremely
challenging. Given the typical radius of the AFM tip between 10 to 20 nm, the
resolution provided by these tips is definitely too low to visualize the exact structure
of these DNA nanostructures (Figure 5.3 A). As a result, instead of the well defined
branched structures, diffuse dot-shaped features were observed from the image
(Figure 5.3 C).
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Figure.5.3. The effect of the AFM tip deconvolution and the stiffness on the AFM
imaging. The schematic (A) and an example of AFM image (C) AFM tip with a
typical radius of curvature greater than 10 nm cannot provide a high resolution
image capable of distinguishing two features close together. The schematic (B) and
AFM image (D) represent the possibility of damaging the sample during the imaging
due to too much force applied by a sharp AFM tip.

Besides the sharpness of the tip, another critical parameter is the stiffness of the
cantilever. With a stiff AFM tip, during the image, higher force is applied to the
sample, which might result in either “sweeping away” the samples from the surface,
or damaging the sample (Figure 5.3 B and D). This problem is more critical in
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biological samples such as proteins and DNA, especially when the imaging is carried
out in solution, where the biomolecules exist in their soft and native state. Based on
these considerations, soft cantilevers (spring constant <0.5 nN/nm) with a smaller
radius (<5 nm) were chosen to image these nanostructures in buffer condition.
However, although softer cantilevers were used to minimize the force of the tip
against the sample, the pressure applied by a sharp AFM tip could still be much
higher due to the smaller contact area between surface and the tip. Extensive
experiments were therefore carried out to optimize the imaging condition. With the
suitable imaging parameters, a high resolution visualization of the DNA
nanostructure can be obtained.

Another problem observed frequently during the AFM imaging of these
nanostructures was the formation of unexpected networks, such as the example
shown in Figure 5.4. As discussed above, the goal of this research was to form
unconnected nanostructures by the removal of the “sticky ends” that allow different
strands to link together. The mechanism for the formation of networks is not clear.
Since no network assembly was formed in the solution indicated by native PAGE
assay, it is likely that the surface could affect the assembly and cause a hierarchical
network structure. It was previously reported that the surface-mediated self assembly
can fundamentally change the assembling behavior of the DNA molecules.[243] The
transient inter DNA nanostructure interactions can be stabilized by DNA/solid
surface interaction. These stabilized transient tile assemblies could act as nuclei to
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initiate further DNA assembling on the surface, resulting in the large 2D arrays
observed on the surfaces. With a higher yield of the formation by optimizing the
DNA assembling process, along with a strong positively charged surface (AP mica),
it was possible to eliminate this network assembly formation on the surface.

Figure 5.4. Examples of network structures formed on the surface based on the
branched discrete DNA nanostructures assembled in solution. The inset in the right
image shows the large scale network features consist of small branched structures.

The AFM characterization for all assemblies and protein conjugations were
conducted in buffer condition, where the aptamer ligands retain a biologically
favorable state. This is an advance from earlier reported works which primarily
imaged nanostructures that were dried on mica surfaces. AFM images confirmed the
formation of well defined and discrete DNA nanostructures (Figure 5.2 C, F). The
height of the features is ~1.5 nm (Figure 5.5). The end-to-end arm length of DNA
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nanostructures was analyzed to estimate their sizes (Figure 5.6 A, B, D, and E).
Statistical analysis of the AFM images reveals that the end-to-end arm length of the
3-PS and 3-PSVa DNA nanostructures show a narrow distribution, with peaks at 18
nm and 24 nm, respectively (Figure 5.6 C). This result for 3-PS DNA is consistent
with the calculated value of 13.0 nm (7.5 nm for each arm assuming 0.34 nm per
base pair), also considering the finite size of the AFM tip (radius of curvature < 5
nm). Because of the aptamer extension at each end of arm of 3-PSVa, the end-to-end
arm length of the aptamer functionalized DNA nanostructures is 6 nm longer than
3-PS, consistent with the expected hydrodynamic radii of the aptamers (typically
around 2-3 nm).[250] Similarly, 4-PS nanostructures were analyzed to be 20 nm,
consistent with the theoretical value of 18.2 nm (7.1 nm for each arm and 2 nm for
the diameter of each helix). The assemblies with attached anti-thrombin aptamer are
larger, with a measured end-to-end length of 4-PSTa of 26 nm (Figure 5.6 F).
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Figure 5.5. Height analysis of an AFM scan of the 3-PS assembly as an example. As
expected from the design of the nanostructures, the heights are uniform and
consistent at ~ 1.5 nm.
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Figure 5.6. AFM image of discrete DNA nanostructures and the size
characterization. (A, B) AFM image of 3-PS and 3-PSVa DNA. (C) End-to-end arm
length of 3-PS and 3-PSVa. (n = 100) (D, E) AFM image of 4-PS and 4-PSTa. (F)
End-to-end arm length of 3-PS and 3-PSVa. (n = 100) (G) Image of mixture of 3-PS
and 4-PS. (H) Image of mixture of 3-PSVa and 4-PSTa. Scale bar = 50 nm.

The results above, including the AFM imaging, clearly demonstrated the success
of aptamer functionalized DNA nanostructure formation. No further purification was
needed to achieve a high yield of nanostructures that can be imaged over large areas
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(Figure 5.7-5.10). This is therefore useful to potentially enable a one-pot synthesis of
large numbers of molecular shapes that can be harvested for recognition. AFM
Images of the sample with the mixture of 3-PS and 4-PS as well as the mixture of
3-PSVa and 4-PSTa after assembly are shown in Figure 5.6 G, H. As seen the
different assemblies can maintain their distinct shapes, and do not interfere with each
other. It is also possible to modulate the numbers of each shape by simply
controlling the ratios prior to deposition on a surface. This indicates that the reported
platform can enable location and differentiation of different aptamers and potentially
be used to organize or identify multiple targets simultaneously.

Figure 5.7. 1 µm2 AFM scan of the 3-PS DNA assembly on mica surface in buffer
condition (scale bar = 200 nm). A lower concentration is shown for clarity.
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Figure 5.8. 1 µm2 AFM scan of the VEGF aptamer-tagged 3-PS - 3-PSVa DNA
assembly on mica surface in buffer condition (scale bar = 200 nm)

Figure 5.9. 1 µm2 AFM scan of the 4-PS DNA assembly on mica surface in buffer
condition (scale bar = 200 nm)
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Figure 5.10. 1 µm2 AFM scan of the thrombin aptamer-tagged 4-PS - 4-PSTa DNA
assembly on mica surface in buffer condition (scale bar = 200 nm)

Aptamers linked to DNA arrays or tiles were previously reported for molecular
recognition [251] and protein positioning.[236, 238] In comparison to these
nanoarray strategies, the reported DNA assemblies have the following advantages:
a) DNA nanostructures are potentially less likely to interfere with aptamer
bioactivity than nanoarrays due to the reduced steric hindrance or surface charge.
[236] This design is also versatile enough to allow extension of the aptamer at the
free end of each arm, providing significant flexibility to the aptamers which
adaptively fold in the presence of their target.[252]
b) The single-pot assembly of these nanostructures enables a facile strategy for the
development of large numbers of different shapes that are portable and can be
harvested as molecular sensors that do not need to be used on a controlled surface or
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array.
c) Unlinked and discrete DNA nanoparticles of various shapes can enable further
investigations on potential applications in drug delivery or in vivo diagnostics.[234,
248] This also provides the ability to fabricate libraries of diverse shapes that can be
mixed for potential multiplexing of different functionalities on the same platform.

5.3.3 Design and characterization of DNA nanostructures based on a
“kissing-loop” interaction
Besides 3-point and 4-point star designs, other DNA nanostructure designs were
also modified and applied in this research as a core shapes for attachment of
aptamers. These designs are based on a common assembly principle-the
“kissing-loop” interaction.[253] Specifically, single DNA or RNA can form
stem-loop structures due to partially self-complementary sequences. When the
sequence in two hairpin loops are complimentary for several base pairs, specific
“loop-loop kissing” structure formed.[253]
Based on this design principle, first, a square DNA nanostructure was designed
and demonstrated. The sequence design is based on the RNA square nanostructure
reported by Chworos et al. (Figure 5.11 B).[132] Because the sequence is partially
self-complementary, each chain may form two stems, two interacting hairpin-loop
structures and a small motif that can specifically form a right angle (RA) (Figure
5.11). Since the sequences in two hairpin loops are complimentary for 5 base pairs,
the loop-loop kissing structure formed between the adjacent two DNA chains, and
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further resulting in the formation of the “square-shaped” DNA nanostructure.
Assisted by the NUPACK web server[254], four DNA sequences were designed for
“square” shape DNA assembly (Table 5.2). Besides this design, a “triangle” and
“diamond” shape DNA nanostructures were also designed as core shapes for aptamer
attachment based on this principle (Figure 5.12).
In order to attach the aptamer to each nanostructure, two identical “sticky ends”
are added to the sequence of two chains to allow aptamer with a complementary tail
attached there (Figure 5.11 A Figure 5.12). “Sticky ends” enable different sequences
of RNA and DNA to act as attachment sites for the complementary sequences via
hybridization.[255] The feasibility of several sticky ends with lengths of 6 bases was
tested by NUPACK prediction. The advantage of using “sticky ends” to attach
aptamers compared with the encoding method used for the previous set of designs
(3-PS or 4-PS above) is that the aptamer can attach to the core shape structure after
formation, which may minimize the effect of the aptamer sequence on the
nanostructure assembly. However, it was found that the folding of aptamer might be
affected by the sticky end extension. As shown in Figure 5.13 A, anti-IgE aptamer
with a long stem forms a stable secondary structure, and is not affected by the sticky
end extension. However, in the case of anti-VEGF DNA aptamer, the secondary
structure is easily affected by the sticky end extension, due to the relatively floppy
structure of this aptamer. Figure 5.13 B is one example, where the stick end sequence
is 5′-GGATGC-3′, but this effect was commonly observed with other sticky ends as
well. These is a crucial issue not just because it can reduce the yield of the DNA
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nanostructures, but also result in the loss of the functionality of the aptamer, which is
closely related with its structure. Hence, the utilization of these designs has to be
limited to those aptamers with a more stable structure. (More specifically, with a
stem structure at the 3′ and 5′)

Figure 5.11. Predicted square DNA nanostructure. (A), secondary structure of chain
A predicted by NUPACK web server, and DNA square assembly based on “kissing
loop” interaction; (B) 3D model of square DNA assembly;[132]
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Figure 5.12. Predicted “triangle” and “diamond” DNA assembly based on
“kissing-loop” interaction by NUPACK web server. (A), “triangle” DNA assembly;
(B) “diamond” DNA assembly,

Figure 5.13. Predicted secondary structure of the aptamers with and without sticky
end extension. In each panel, the “sticky end” extensions have been highlighted in
yellow.

Different assembly processes were carried out to form the “square”, “triangle”
and “diamond” DNA nanostructures. These include the protocols used to form RNA
assembly based on a “kissing loop” interaction, and also the protocol used for
branched DNA assembly. [132, 133, 239, 249] However, the yield of the assembly
was not enough to be used for further study. Using the “square” shape nanostructure
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as an example, as shown in Figure 5.14 A, multiple, distinct bands migrated much
faster than the assembly band indicating that the byproduct formed after the
assembling process. Another challenge is that the aptamer sequence (in this design,
an anti-IgE DNA aptamer was used) with the complimentary sticky end extended at
5′ failed to attach to the core square-structure. Figure 5.14 A shows the last lane was
loaded with the sample assembled with the aptamer strand. However, the assembly
migrated to the same location of the assembly formed without aptamer strand (the
second last lane), which indicates the failure of the aptamer attachment. The AFM
characterization of these DNA assemblies (Figure 5.14 B) showed that
square-shaped nanostructures were formed, but lots of linear features were also
observed from the images due to such non-preferential assembly. The AFM
characterization results are consistent with the native PAGE results.
The formation and assembly process were ultimately optimized based on the
thermal property of the strands, resulting in a small improvement in overall yield.
However, the yield is still much lower than the 3-point and 4-point star designs
described above. The low yield of these “kiss-loop” based DNA assemblies was
hypothesized to be because of the assembly being based on the recognition of the
kissing loops in the adjacent chains. This is a relatively weaker interaction compared
with hybridization between DNA single strands. Due to these drawbacks, these
designs based on “kissing-loop” interaction were discarded to minimize the
uncertainty of such nanostructures formed. The research focused on the more
successful 3-PS and 4-PS designs as described below.
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Figure 5.14. Square DNA assembly formation. (A) square DNA assembly formation
monitored by native PAGE electrophoresis. DNA strands and the molar ratio are
indicated above the gel. (B) AFM images for the square in solution.

5.3.4 Functionalized DNA nanostructure and protein conjugation
Following the attachment of functional aptamers, the biofunction and use of
aptamer-tagged DNA nanostructures for molecular recognition and binding was
investigated. Initially, the DNA-aptamer nanostructures were incubated with the
target proteins (3-PSVa with VEGF and 4-PSTa with thrombin). Electrophoretic
mobility shift assay (EMSA) was conducted to explore the binding between the
nanostructures and the protein. As shown in Figure 5.15 A and C (protein:DNA
ratios between 2:1 to 24:1), with higher concentrations of protein for the
VEGF-3-PSVa and thrombin-4-PSTa systems, the bands corresponding to the free
DNA nanostructures were fainter, and bands corresponding to the slower migrating
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DNA/protein complexes appeared instead. These results indicate the formation of
nanostructures bound to protein molecules (control experiment below). Since each
aptamer-functionalized DNA nanostructure can have multiple protein binding sites
(for example, 3 binding sites for 3PSVa assembly, and 4 binding sites for 3-PSVa
assembly), conjugation with upto 3 or 4 protein molecules can occur in the described
systems.
The formation of DNA/protein complexes with different molecular weights
were confirmed by multiple discrete bands observed in the EMSA results. More
specifically, the binding between the aptamers attached to the DNA nanostructures
and their targets is analyte-concentration dependent, which is consistent with
previously reported binding phenomena between aptamers and target proteins.[256]
At even higher protein concentrations, multiple EMSA experiments showed that
when the molar ratio of protein to DNA nanostructure was higher than 24:1 for
3-PSVa and 32:1 for 4-PSTa, the presence of single bands suggested saturation of the
DNA assemblies (Figure 5.16). It is interesting to note that the discrete bands of
DNA/protein complexes are fainter and more smeared than that of the free DNA
nanostructures, especially at molecular conjugations of more than one protein
molecule. This is likely due to the large size of the complexes - the maximal
molecular weight of 200 and 300 KDa for 3-PSVa/VEGF and 4-PSTa/thrombin
respectively, potentially resulting in the difficulty of the complex to migrate into the
gel. It is also likely that the branched structure of the complexes affects this process
as well.
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Figure 5.15. EMSA assay confirming binding between aptamer functionalized DNA
nanostructures and target proteins. (A) Analysis of 3-PSVa and VEGF. (B) Analysis
of 3-PS and VEGF to investigate specificity. (C) Analysis of 4-PSTa and thrombin.
(D) Analysis of 4-PS and thrombin to investigate the specificity. The concentration
of sample loaded in each lane is indicated above the gel. In all the gels, the left lane
was loaded with DNA nanostructures without protein.
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Figure 5.16. EMSA assay showing the saturation of the binding between 3-PSVa
DNA assembly and VEGF and 4-PSTa DNA assembly and thrombin. The
concentration of sample loaded in each lane is indicated above the gel.

To confirm that the DNA nanostructure/protein complex was formed by the
specific recognition between the aptamer and the protein target, DNA nanostructures
without aptamers were characterized by EMSA (Figure 5.15 B and D). The intensity
of free assembly bands were similar in the lanes loaded with the sample incubated
with and without protein. This showed that there is no significant binding between
the DNA assemblies and protein. At a much higher protein concentrations, some
non-specific binding may occur, resulting in a faint band with a higher molecular
weight (Figure 5.15B). This nonspecific adhesion between protein and DNA is
somewhat expected and likely caused by the weak association between the protein
and DNA to counterbalance the electrostatic attraction at the interface.[257] This
possibility of nonspecific adhesion between a non-preferential DNA ligand and
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VEGF protein was also described earlier in Chapter 3.

Figure 5.17. AFM image of aptamer functionalized DNA/target protein complex. (A,
B) 3-PSVa/VEGF complex at the molar ratio of 9:1 (VEGF:3-PSVa). (B)
4-PSTa/Thrombin complex at the molar ratio of 12:1 (thrombin: 4-PSTa).
Nanostructures without (green) and with attached proteins (red) are circled. The
cross section analyses below reflect increased height on protein binding. (C, D)
Comparison of height and phase AFM images for the 3-PSVa/VEGF complex. Color
scale changed for clarity. The softer protein, shows a significant phase shift in
comparison to the stiffer DNA nanostructure. Scale bar = 20 nm.
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To visually verify the ligand binding ability of the aptamer-DNA assemblies, the
nanostructures were incubated with the target proteins (3-PSVa with VEGF and
4-PSTa with thrombin as above). Based on the EMSA results, an excess of protein
was used in these experiments, (9:1 ratio VEGF to 3-PSVa and 12:1 thrombin to
4-PSTa). The AFM images demonstrate that in the presence of protein, assemblies of
3-PSVa and 4-PSTa show an increased height, ~3-4 nm, consistent with the expected
dimensions of VEGF and thrombin (Figure 5.17 A, B). In addition to the height
differences observed from the AFM topography, the stiffness of the features with and
without protein are also distinct from each other, which can be observed from the
phase images, obtained during tapping-mode imaging.
During scanning, phase images record the oscillation amplitude peak shift of the
cantilever, which associates with the viscous dissipation at the interface. Hence,
phase imaging via AFM can be used to characterize the relative stiffness of domains
in composite materials, as well as discriminate biological molecules, including DNA
and protein.[258, 259] For example, Figure 5.17 C, D shows the imaging of the
3PSVa-VEGF complex. Free and complexed DNA nanostructures (lower phase shift)
are visible in topography images but not observed in phase images. The protein
molecules (higher phase shift) are clearly observed in both. Profiles of complexes
show DNA present in topography but absent in the phase images, indicating that
observed height differences are not due to protein physisorption alone. This
well-defined phase contrast between the stiffer DNA nanostructure and the softer
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protein can be correlated to height differences, further confirming the conjugation
between the nanostructure and the protein.
Interestingly, compared to the EMSA result, a reduced degree of protein/DNA
assembly conjugation was observed on the mica surfaces. Under the imaging
condition in the buffer (pH 7.4), both proteins are positively charged. This may
impact the association of the complex on a positively charged AP-mica surface.
However, DNA nanostructures both complexed and uncomplexed (with and without
attached protein) are clearly seen in each image and further optimization is possible.
Successful

ligand

recognition

indicates

that

such

aptamer-functionalized

nanostructures may be inversely used as molecular sensors to spatially locate
specific targets on heterogeneous surfaces.

5.3.5 Exploring the versatility of DNA nanostructure functionalization
The above results on two distinct DNA assemblies (3-PSVa and 4-PSTa)
confirm the formation and the recognition function of the aptamer attached to each
functional DNA. To further evaluate the potential effect of DNA nanostructures on
the aptamer function, the DNA assembly for attaching anti-thrombin aptamer was
switched. Specifically, the anti-thrombin aptamer used to attached to 4-PS DNA
assembly in the previous experiment was attached to 3-PS DNA assembly (notated
as 3-PSTa). As above, the assembly formation was monitored by the native PAGE
electrophoresis and AFM image (Figure 5.18 A and B). The binding between
anti-thrombin aptamer and thrombin protein was verified by the EMSA assay
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(Figure 5.18 C). Multiple bands were observed with the sample of mixture of 3-PSTa
DNA assembly and thrombin protein, which indicate conjugation with one, two or
three proteins.

Figure 5.18. Structural and functional characterization of 3-PS DNA functionalized
with anti-thrombin aptamer. (A) AFM image of 3-PSTa. (B) the cross section
analysis of DNA nanostructures. (C) EMSA analysis confirming the binding between
3-PSTa and thrombin. The concentration of the sample loaded in each lane is
indicated above the gel. Scale bar = 100 nm.

These results confirm that shapes of the DNA assembly (3-PS and 4-PS) do
not interfere with the aptamer‟s biofunction significantly. Moreover, these results
also reflect the programmability and flexibility of this strategy, in that it is possible
to take various predefined nanoarchitectures and functionalize them with different
aptamers by simple sequence extension. This versatility of design can open up facile
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synthesis strategies for labeling various shapes as molecular recognition agents.
More existing DNA and RNA nanostructures are under exploration currently. It is
also important to note that that in terms of stability, the functional DNA assemblies
with aptamer extension are similar to the assemblies without aptamer extension. All
the DNA assemblies characterized above can be stored at 4oC for over two months
without any significant dissociation of the assembly and inactivation of the aptamer.

5.4 Conclusions
In this chapter, in order to demonstrate that aptamers can be further adapted
to more advanced and high-throughput recognition applications, functional nucleic
acids were organized into programmable, discrete nanoconstructs. This presents a
novel approach that can combine the merits of structural DNA architectonics with
exquisite aptamer molecular recognition. Specifically, DNA nanostructures
assembled by different principles were modified and applied as a “key chain” for
aptamer attachment, and the aptamers were attached by sequence extension or via
sticky ends. Different DNA nanostructures were investigated in this work to evaluate
the feasibility of being applied as “key chain”. While this study demonstrates basic
shapes such as an „X‟ or „Y‟, it is feasible to construct libraries of diverse shapes that
may be mixed together enabling multiplexed sensing platforms.
It is shown that these discrete aptamer-tagged DNA shapes and
nanostructures can recognize and bind protein targets in an aqueous environment.
These nanostructures are stable over long periods of time and capable of binding
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different target proteins. The facile construction modality enables adaptation of
suitable designs for the on-demand production of oligonucleotide nanostructures.
Further studies are ongoing to examine the sensitivity, selectivity, stability and effect
of shape on binding as well as to enable quantitative measurements of ligand
concentrations. These nanostructures can be envisioned as molecular nanosensors for
ligand recognition, catalyzing reactions, or for enabling the development of
ultrasensitive molecular sensors in complex environments.

[This chapter contains results that have been submitted to the journal Nanoscale].
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CHAPTER 6
CONCLUSION AND FUTURE WORKS

6.1 Conclusion
The work described in this dissertation aimed at investigating the interactions of
diverse biomolecular recognition systems based on reliable methodological
platforms, and further enabling sensing and molecular recognition tools:
a. Using a strategy of mixed-self-assembled monolayers to create different
functionalities on a solid substrate, a reliable and versatile platform to investigate
the biomolecular interaction was established. This not only enabled biomolecule
immobilization but also the ability to interrogate the interactions of these
biomolecules at the single molecule level via AFM based force spectroscopy.
b. Based on this platform, different binding systems could be investigated including
a lectin-carbohydrate system and importantly, several newly developed
aptamer-target protein systems. The energy landscape, the specificity, the
conformational properties of these systems was characterized. These results
helped better understand the hitherto unstudied recognition forces between
aptamers and their target proteins at the molecular level.
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c. The unique properties of aptamer-target protein interactions were further adapted
to ensemble level binding systems, investigated by QCM analysis. The affinity
and kinetics of several aptamer/target protein systems were investigated using
similar self-assembled monolayer methods as in a) and b). This binding
information obtained at both the molecular scale and the ensemble scale
contributes to bridging the gap across length scales, and helps to correlate and
utilize the single molecular dynamic behaviors with ensemble-averaging
properties.
d. Finally, using DNA nanostructures, aptamers were used to develop a novel
shape-based sensing strategy. The formation and the functionality of these
nanostructures to bind proteins were investigated. The results indicated that these
aptamers tagged with distinct nanoconstructs are a flexible strategy, and have
potential to be developed as shape-based ultrasensitive molecular sensors in
complex environments.

6.2 Recommendations for future work

Uncovering fundamental properties in aptamer and protein binding
During the investigation of the aptamer/target interaction, several important issues
had been addressed, including the specificity of the aptamer against its preferential
targets, the energy landscape, the dynamic strength of the bond under increasing
loading rate, and the effect of the conformational property of aptamer on the bond
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strength. While different aptamer/target protein systems were investigated, in order to
verify whether these conclusions are the universal property of all aptamer/protein
interactions or specific to some systems, many more aptamer systems need to be
investigated. For example, by adding divalent cations such as Mg2+, the rigidity of
anti-VEGF RNA aptamer (which is not selected in a buffer containing Mg2+) could be
regulated, which further resulted in a higher affinity and higher rupture force.
However, how this conformational effect affects other aptamer/protein systems,
especially when the aptamers are originally selected in the presence of Mg2+? This is
related to more fundamental questions on how the rigidity/flexibility of aptamers
affects their binding and how this can be modulated externally.

Force Mapping based on specific aptamer protein interactions
One of the most powerful features of AFM is that it can record the adhesion force
between the AFM tip and surface while scanning across the surface. The generation of
x,y maps of these adhesive forces is referred to as “force mapping”. The unique
advantage of this technique is its capability of localizing specific binding sites on the
surface. Combined with different self-assembled monolayers or nanografting
lithography, different aptamer protein interactions can be detected in specific regions
with high lateral resolution at the nanoscale. This could therefore provide a technique
to study high-throughput aptamer or protein arrays from a binding force perspective.
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Biosensing based on aptamer functionalized DNA nanostructures
In Chapter 5, preliminary works showing the feasibility of fabricating
aptamer-functionalized DNA nanostructures was presented. Future work would need
to demonstrate actual qualitative and quantitative sensing applications with these
nanostructures. Hence, a user friendly sensing format would need to be established.
For example, a chip-based sensing format could be developed with multiple
aptamer-functionalized DNA nanostructures immobilized on and also displayed in a
well-controlled fashion to detect for multiple proteins on a single platform. Similarly,
effective and optimal fabrication strategies could be developed to fabricate such
functional nanostuctures in large quantities and against multiple targets.

3D DNA Nanostructures Development for Drug Delivery Applications
Extending the concept of the functional 2D nanostructures, it would be
advantageous to adapt these designs to 3D DNA nanostructures, which would not only
significantly expand the available DNA designs for tagging aptamers, but also enables
different applications such as using them as target drug delivery agents. This would
combine the recognition ability of aptamers attached to the 3D DNA nanostructures
with therapeutic agents loaded within the nanostructure to delivery drugs as and
where needed.
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